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ABSTRACT 
Rutting is the permanent deformation along the wheel paths of an asphalt pavement caused 
by repeated traffic loading. It is considered as one of the primary distresses of asphalt 
pavements. Recently, Hamburg Wheel Tracking Device (HWTD) has shown to measure 
the rutting performance of an asphalt mixture in the laboratory. In this study, this device 
has been used to measure rutting of asphalt concrete (AC) and relate them with the 
mixture’s dynamic modulus. To this end, the rut deformation of AC mixtures were modeled 
in this study using a semi-empirical |E*|-based rut predictive model based on the HWTD 
rut depth data of 25 mixes. This model utilizes creep compliance (D(t)) interconverted from 
laboratory tested DM (|E*|) results to predict rut depth. The model provides a fairly good 
prediction of AC rutting performance.  
Despite the fact that asphalt binder make up 4 to 8% of a pavement mix structure, it 
provides a level of rigidity and structural bonding which holds the total pavement mixture 
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together as a solid body. However, with higher traffic densities, binder flows and dissipates 
energy. As a result, pavement rutting at high temperatures occur due to thermal 
susceptibility of asphalt. In this study, the binder’s contribution to rutting performance was 
assessed based on the evaluation of rheological rut properties of five warm mix modified 
mixtures. For this purpose, Frequency Sweep (FS), Multiple Stress Creep Recovery 
(MSCR), and Zero Shear Viscosity (ZSV) tests were conducted on extracted binders using 
Dynamic Shear Rheometer (DSR) device at a 50°C temperature to determine binder rut 
parameters. In this study, five widely used rheological rut parameters are examined: the 
Superpave® rutting parameter (G*/sinδ), Shenoy parameter (G*/(1-(1/sinδ.tanδ))), Zero 
Shear Viscosity (η0), Non-recoverable Creep Compliance (Jnr), and Percent Recovery 
(%R). Comparing these rheological rut parameters and HWDT results, it was found that 
warm mix modified mixtures exhibited increased rutting resistance compared to the control 
hot-mix asphalt.  
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CHAPTER 1 
INTRODUCTION 
1.1 Problem Statement 
 
Rutting or permanent strain is the formation of depressions along the road surface as a 
result of accumulated permanent deformation caused by the passage of heavy vehicles. 
Rutting is distinguished as one of the primary distresses mechanisms in flexible pavement 
(Parker Jr and Brown 1993) mainly dependent on asphalt mix compositions, construction 
practice and traffic densification under service conditions. It also depends on pavement 
temperature, traffic service loading experienced, and properties of pavement layers. Hence, 
to prevent the outcome of rutting, proper selection of high quality materials with the 
combination of sound construction techniques should be highly considered during the 
construction of asphalt pavements.  
For fast and reliable performance testing of asphalt concrete mixtures, the Hamburg wheel 
tracking device (HWTD) is gaining popularity (Yildirim and Kennedy 2001). The HWTD 
was originally manufactured in the 1970s by Esso, A. G. of Helmut-Wind Inc., Hamburg, 
Germany. The HWTD test was initially intended for rutting behavior but was later found 
to be capable of identifying mixes with potential moisture resistance. The introduction of 
the HWTD initiated research to evaluate this equipment’s ability to characterize moisture 
sensitivity of asphalt mixes and to predict field performance (Rahman et al. 2012). Rut 
resistance in the HWTD test can be obtained by tracking the deformation when a loaded 
wheel passes through a compacted asphalt mixture. Results are expressed in rutting depth 
(mm), which represents the permanent deformation of a certain asphalt mixture at different 
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number of load cycles. However, the recently developed Mechanistic Empirical Pavement 
Design Guide (MEPDG) fails to recognize rut deformation as a material characterization 
parameter among the design inputs in the simulation software.  
As part of the structural design processes to optimize field performance of asphalt concrete 
mixtures, laboratory test such as dynamic modulus (DM) have been proposed and 
developed for use as a simple performance test (SPT) to characterize the rutting resistance 
potential of AC. Recently, the Mechanistic-Empirical (M-E) design of pavement requires 
the |E*| obtained from Dynamic Modulus (DM) testing to determine the strain in Asphalt 
Concrete (AC) and later, incorporate the estimated strain to an empirical relationship to 
predict rut deformation over time. The M-E design requires voluminous inputs, for instance 
pavement layer thickness, unbound material properties, and so on, which may not be 
always available to pavement engineers for designing the pavement. In addition, M-E 
design is not always implemented by local transportation agencies during the design phase 
of a pavement construction project. At this point, it will be beneficial to investigate the 
relationship between AC rutting performance, |E*|, and mix volumetrics.  In addition, 
limited amount of work has been done in developing rut prediction models in a dynamic 
modulus based approach. 
The resistance of asphalt mixtures to rut deformation is related to the stiffness of bitumen, 
mix volumetrics, and the bonding interaction between bitumen and aggregate (Zoorob et. 
al 2011). The asphalt contribution to permanent deformation process has traditionally been 
handled by looking at the asphalt binder’s consistency based on softening point and 
penetration tests (Morea et. al 2010). Nowadays, with the addition of Reclaimed Asphalt 
Pavement (RAP) materials, polymer modified asphalts, and warm mix agents, the asphalt 
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rutting characterizations attained through these empirical tests is insufficient. It would be 
beneficial to study the effects of such added materials on the properties of the plant 
produced mixtures and determining the fundamental rheological properties is the proper 
manner to characterize the asphalt binder’s rutting behavior. In order to evaluate these 
effects, extraction and recovery of asphalt binder from asphalt concrete is an approach to 
be considered. 
1.2 Hypotheses 
1.2.1 Hypothesis 1 
Limited amount of work has been done in developing rut prediction models in a dynamic 
modulus based approach. A modeling approach by Rahman et. al (2016) observed that a 
relationship between the HWTD rut depth values and Creep Compliance (D(t)) of AC 
derived from dynamic modulus test results can be established. However, only a small set 
of AC mixtures were used to validate the model. It is hypothesized that a modification of 
an existing |E*|-based rut model can accurately predict the rutting behavior of AC. 
1.2.2 Hypothesis 2 
As WMA moves into mainstream use, one of the obstacles to implementation is the 
uncertainty about how WMA may affect short and long-term field performance. A better 
understanding of the effects of warm mix additives on the mixtures performance and 
rheology of asphalt binders is a crucial step towards the successful application of WMA. It 
is hypothesized that warm mix additives (WMA) impacts the rutting behavior of AC 
mixtures.  
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1.3 Research Objectives 
 
The major objective of this research study is to assess the rutting performance of asphalt 
concrete through laboratory evaluation and analysis of performance properties of plant 
produced asphalt concrete mixtures collected from various project sites in the state of New 
Mexico. This study is largely focused on evaluation of rutting potential of asphalt concrete 
mixes by subjecting compacted specimens through application of Hamburg Wheel Track 
Tester (HWTD) and Dynamic Modulus (DM).  The objectives of this research study have 
been fulfilled through the following steps: 
I. Perform HWTD on AC cylindrical specimens to assess the rutting performance. 
II. Stiffness characterization of mixtures through DM testing. 
III. Investigate the influence of warm mix additives on the rheological and 
mechanical properties of asphalt binders through the use of dynamic shear 
rheometer (DSR). 
IV. Evaluation of AC field pavement performance in correlation with performance 
data from laboratory. 
To fulfill these objectives, more specific tasks were conducted: 
1. Collect plant-produced HMA and WMA mixtures from various districts of New 
Mexico, following the AASHTO T 168-11 standard protocol. 
2. Determine the mixtures Theoretical Maximum Specific Gravity (Gmm) according 
to AASHTO T 209-11. 
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3. Compact asphalt concrete cylindrical samples in the Superpave Gyratory 
Compactor (SGC) following AASHTO T 312-11 within a specific air void 
content range and geometrical restraint in accordance to AASHTO T 324-11. 
4. Determine the Bulk Specific Gravity (Gmb) and Air Void content for each 
respective AC cylindrical sample in accordance to AASHTO T 166-11. 
5. Conduct HWTD at a constant water bath temperature of 50°C in accordance to 
AASHTO T 324-11 standard. 
6. Extraction and recovery of asphalt binder from asphalt concrete following 
standards AASHTO D 2172 and AASHTO D 5404 respectively. 
1.4 Organization of Thesis 
 
This thesis will include 8 chapters: 
 Chapter 1 – Introduction 
 Chapter 2 – Literature Review 
 Chapter 3 – Materials and Experimental Methodology 
 Chapter 4 – Mixture Performance Test Results and Analysis 
 Chapter 5 – Development of Modified |E*|-based Rutting Performance Prediction 
Model 
 Chapter 6 – Binder Testing Results and Analysis 
 Chapter 7 – Conclusions and Recommendations 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Rutting – Pavement Distress 
 
Permanent deformation (rutting) is a major distress in asphalt pavement layers caused by 
the combination of densification and shear deformation of the pavement structure from the 
profound effects of repetitive application of high traffic loads and environmental factors. 
If rutting in a particular road is not controlled or prevented in earlier stages, this form of 
pavement distress can significantly reduce both the structural and functional performance 
of an existing pavement (Tarefder and Zaman 2002), which presents potential threat to 
passenger car safety. In addition, serious road failure in the presence of rutting might lead 
to large economic losses due to required major rehabilitation or total reconstruction of the 
entire pavement section troubled by this distress.   
Generally, failure mechanisms of pavement in terms of rutting is categorized into three 
forms (Miljkovic and Radenberg 2011): 1) vertical compression 2) lateral flow and 3) 
mechanical deformation. Asphalt pavements are conventionally constructed with initial air 
voids of 6 – 8 % depending on the mix design. However, under heavy vehicular loading, 
the asphalt concrete deforms. This vertical compression of the material structure is caused 
by excessive air voids or inadequate compaction after placement of asphalt concrete. 
However, compacting asphalt pavement layers to an air void range of 2 – 2.5% or less, 
have been found to impose detrimental effects on the structural integrity of the material. 
This form of pavement construction are prone to lateral flow of material, which is a 
depression near the center of the wheel path creating the upheaval of AC, occurring due to 
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the inadequate shear strength or an insufficient amount of total voids present in the asphalt 
layer. This low amount of voids allow the asphalt to behave as a lubricant rather than a 
binding agent during hot weather, when the occurrence of asphalt rutting is prevalent. The 
impact of heavy loads on this type framework results in the bleeding or flushing of asphalt 
binder to the surface layer. According to a study conducted by Drakos et. al (2001) which 
investigated the magnitude and distribution of stresses at the tire-pavement interface, found 
that high shear stresses induced by radial tires result in critical stress conditions that 
contribute to rutting of the pavement layer. 
 Lastly, the mechanical deformation is a result of the ineffectiveness of base, subbase, or 
subgrade to provide corresponding overhead layers’ with the rigidity it requires to sustain 
heavy loads. According to a comprehensive evaluation done by Carey and Irick (1960) to 
investigate the contribution factors of pavement layers to overall rutting performance of 
AC, it was found that rutting was due largely to decrease in thickness of the constituent 
layers. About 91% of the rutting occurred in the pavement itself: 32% in the surface, 14% 
in the base, and 45% in the subbase. Thus, the remaining 9% of a surface rut could be 
accounted for by rutting of embankment. 
Internal rutting resistance of AC is believed to be affected by several mixture properties in 
addition to temperature and loading effects, where mineralogy, gradation, and binder’s 
performance grade are among the major factors that affect rutting occurrence in asphalt 
pavements.  In general, the higher the performance grade of the binder, the stiffer the binder 
resulting in enhanced rutting resistance (Ling et al. 2017; Singh and Sawant 2016).  A study 
conducted by Stuart and Izzo (1995) have indicated that HWTD can distinguish between 
asphalt binders’ effect on rutting performance. Concerning mineralogy, aggregate 
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properties play an important part as well. According to in study conducted by Kandhal and 
Cooley (2002) which investigated the role of nominal maximum aggregate size (NMAS) 
effect on HWTD results, no significant difference in rutting susceptibility was suspected 
between mixtures containing coarser and finer graded aggregate blends. Several 
researchers performed studies comparing the rutting performance of limestone and basalt 
in asphalt mixtures (Al-Khateeb et. al 2012; Buchanan 2000). Basalt was found to be 
superior in rutting performance compared to limestone, due to limestone producing mixes 
with lower voids in mineral aggregate (VMA), which lead to the crushing of the limestone 
material during compaction. 
Another parameter that has been regarded to affect the rutting performance of AC mixtures 
is dynamic modulus, identified as a main parameter for calculating the response of AC to 
traffic loading as well as its resistance to rutting and fatigue (Hervé Di Benedetto et al. 
2007). Apeagyei (2011) conducted a study which investigated the correlation between 
dynamic modulus and rutting of AC in the laboratory through the testing of five mixtures 
produced, in accordance to state of Virginia’s specification, with different stiffness’s and 
tested using the dynamic modulus and flow number tests. Dynamic modulus samples were 
tested at 38°C and six loading frequencies. On the other hand, flow number (FN) tests, 
which was designed to evaluate rutting behavior of AC, were conducted at 54°C. Linear 
regression models were developed to correlate the E* value at 0.1 Hz loading frequency 
and FN results at the respective temperatures, a correlation coefficient of 0.95 observed. 
Findings from this study suggests that rutting susceptibility of AC could be assessed using 
E* testing performed at 38°C. 
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On the contrary, Pellinen and Witczak (2002) performed unconfined compression tests on 
AC cylindrical specimens at 54°C and 5 Hz loading frequency, obtaining dynamic modulus 
values based on the repeated load FN test. Their findings reported a good correlation 
between E* and rutting. In addition, several researchers who have validated the use of 
dynamic modulus test for characterizing rut performance of AC reported varying testing 
conditions for which the test method is effective for rutting evaluation; leading to no 
established consensus with regards to the effect of dynamic modulus on rutting (Shenoy 
and Romero 2002; Zhou and Scullion 2007). Suggested ranges of testing frequencies for 
evaluating E* in terms of rutting varies widely among literature and was reported to range 
from 0.02 Hz to 20 Hz (Ekingen 2004).  
2.2 Rutting Performance as a Function of Dynamic Modulus 
Several researchers have conducted studies with objectives of developing rut prediction 
models from the analysis of field rut data and laboratory data (Kim et al. 2000; Leahy 1989; 
Selvaraj 2007; Williams et al. 2006). However, the process involved in the development of 
these models used traffic conditions predominantly as a major input parameter when 
classifying rutting performance. As described by Paterson (1987) in an investigative survey 
report assessing road deterioration and maintenance effects, permanent deformation is 
generally much less tractable for direct modeling because the rutting behavior of asphalt 
concrete depends to a larger degree of their material properties, their local variations, and 
their interactions with the pavement’s environmental exposure conditions. In addition, 
these models did not consider the use of dynamic modulus data of AC as material input. 
According to the use of MEPDG (Hoegh et al. 2010), |E*| of AC is a major input parameter 
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used in system embedded mechanistic-empirical numerical models to estimate damage 
accumulation over the service life of a pavement structure.  
With the aim of correlating |E*| with rutting performance, Hossain et. al (2013) developed 
a rut prediction model on a dynamic modulus based approach. The process involved the 
use of dynamic modulus test data, observed vehicular traffic data, and environmental data 
as direct inputs in a multi-layered linear elastic analysis software (WinJULEA) to model 
representative conditions of the instrumented pavement test section located in McClain 
County, Oklahoma and to determine its rutting behavior. The developed vertical strain-
based (VSB) rut prediction model, established on the account of 18 million accumulated 
axles and four years of environmental data, resulted in the correlation coefficient (R2 value) 
of 0.78 based on the comparison of field observed rutting data and predicted rutting 
performance. The results from this research are expected to be useful in predicting rutting 
behavior of highway pavements with similar traffic and climatic conditions.  
Alternatively, a modeling approach was established by Rahman et. al (2016) in the aspect 
of predicting rutting performance of AC mixtures based on the laboratory tested dynamic 
modulus data. A total of 10 AC mixes were collected from different pavement project sites 
and were then compacted to cylindrical specimens for HWTD testing. A numerical 
interconversion technique was employed to convert the |E*| function to creep compliance 
function (D(t)), it was observed that a relationship between the HWTD rut depth values 
and D(t) of AC can be established. A statistical valuation of the developed model showed 
a fairly good prediction of rutting performance in comparison to actual data, presenting a 
correlation coefficient (R2) of 0.554. It was also observed that the newly developed 
predictive model was incapable of modeling the stripping behavior of stripped mixes. 
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2.3 Warm Mix Asphalt Technologies 
 
Global concerns over the gradual depletion of non-renewable natural resources and 
increasing damage to the ecosystem from greenhouse gas emissions, generated from 
human productivity, have created greater awareness within the past two decades for 
sustainable development practices in all spheres of human endeavor including the 
pavement construction industry. Within the construction industry, construction and 
maintenance processes involved with pavement are known to be resource-intensive, 
sometimes with considerable negative environmental impacts. This places elevated 
responsibility on industry professionals, to indulge in sustainable construction practices, in 
order to ensure that the activities of today’s generation would not compromise and be 
detrimental to the ability of tomorrow’s generation to prosper unhinged. It is reported that 
in the United States (U.S) alone, over 320 million tons or raw materials are used in the 
construction, rehabilitation and maintenance operations of the nation’s road infrastructure 
network; project annual costs of over $150 billion (Tutu and Tuffour 2016).  
In perspective of global use, the associated costs for the volume of raw materials used and 
energy consumption required for asphalt production cost could be astounding. The 
increasing costs of raw materials and demand for environmentally suitable paving materials 
in road construction have challenged the asphalt industry to seek and develop alternatives 
that aid in reduction of production and compaction temperatures of asphalt mixtures 
without compromising the required performance behavior. 
Warm mix asphalt (WMA), pioneered in Europe in the late 1990’s (Jones 2004), is the 
latest asphalt technology that presents the capability of addressing the practice of 
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environmental sustainability and enhancement of mixture workability without 
compromising performance.  WMA additives can reduce the viscosity of the binder, 
allowing mixtures to be produced at a temperature grade of 38°C lower than traditional Hot 
mix asphalt (HMA) (Akisetty 2008; Button et. al 2007; Politano 2012), which lead to a 
number of environmental, operational, and economical benefits. 
The implementation of WMA has become more widespread with an increasing number of 
paving contractors employing these sustainable technologies in construction in order to 
take advantage of reduced mixing and compaction temperatures, lowered energy usage for 
production and placement, and reduced emissions. However, one of the challenges to 
implementation is the uncertainty about how WMA may affect asphalt mixtures’ short and 
long-term field performance. Research has shown that as mixing temperature are reduced 
for WMA, the mixes show increased tendencies towards rutting and moisture susceptibility 
(Croteau and Tessier 2008 ;Prowell et al. 2007).This was attributed to decreased aging of 
the binder, possible presence of moisture in the mixture incomplete drying of the 
aggregates due to lower temperatures. 
Despite the fact that asphalt bitumen make up 4 to 8 % of a pavement mix structure, it 
provides a level of rigidity, structural bonding, resilience, and absorbance which holds the 
total pavement mixture together as a solid body (Bahia et al. 2001). However, with higher 
traffic densities and effects of environmental exposure, binder flows and dissipates energy 
with time (Tabatabaee and Bahia 2014). As a result, asphalt binder experience a variety of 
thermomechanical demands; where pavement defects transpire such as rutting at high 
temperatures due to thermal susceptibility of asphalt (Pérez-Lepe et al. 2003). 
The asphalt contribution to permanent deformation process has traditionally been handled 
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by observing the asphalt binder’s consistency based on softening point and penetration tests 
(Morea et al. 2010; Silva et al. 2010; Ziari et al. 2015) . However, with priorities set for 
environmental conservation and preservation, the integration of warm mix additives, and 
recycling of reclaimed asphalt pavement (RAP) materials into asphalt mixtures have gained 
popularity (Moghadas Nejad et. al 2014; Yildirim 2007). With this in mind, the empirical 
tests mentioned earlier are insufficient to characterize the rutting resistance behavior of 
binders. It would be helpful to examine the effects of these modifying agents on the 
properties of plant-produced mixtures.  
Four main categories of WMA technologies exist either in the form of an additive or an 
asphalt plant modification. These categories include: chemical additives, wax additives, 
foamed asphalt mix-additives, and foamed asphalt-plant modifications. For this research, 
the literature review only covers the technologies used in the construction of SPS-10 
pavement test sections: foamed asphalt-plant modification of Terex® Foaming and 
chemical additives of Evotherm®, Cecabase®. 
Terex® Foaming system is a patented technology which involves the addition of a certain 
amount of foamed water produced in an expansion chamber to hot binder. This reaction 
results in the conversion of  water into steam, which results in a volume expansion of binder 
and consequently, a reduction of the binder’s viscosity (Ven et al. 2007). This temporary 
reduction facilitates aggregate coating and thereby improved workability at reduced 
temperatures. The expanded volume gradually deteriorates with time and the asphalt binder 
returns to its original characteristics (Kristjánsdóttir et al. 2007). This form of technology 
is currently more popular and widely used compared to other technology categories.  
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Evotherm® and Cecabase®, for instance, are both chemical additives. Cecabase® is a 
patented liquid chemical additive that is comprised of 50% renewable raw materials 
(Santucci 2010). They are packaged by surfactant and adhesion agents, which chemically 
enhance active adhesion and improve the wetting of aggregates by binder without 
considerably altering the rheological performance when recommended rates of addition 
range of 0.3% to 0.5% by weight of asphalt binder is followed (Croteau and Tessier 2008). 
On the other hand, Evotherm® is an additive produced by MeadWestvaco Asphalt 
Innovations (Glueckert 2012). This type of chemical additive is packaged in the form of 
emulsion, which are introduced into the plant’s binder line, allowing for the reduction for 
the reduction of mixing temperatures close to 38°C, translating to decreased energy 
requirements for asphalt production (Rashwan 2012). When this additive comes in contact 
with hot aggregate particles, the water evaporates out of the mix as steam (D’Angelo et al. 
2008). 
2.4 Evaluation of Rutting Resistance Properties of WMA  
As the mixing and compaction temperatures are lower than those of HMA, the binder 
experiences less aging and can be less stiff and potentially more susceptible to rutting. 
Moisture susceptibility is a concern with WMA because the aggregates are not exposed to 
higher mixing temperatures associated with HMA, and therefore, may not be dried 
completely. In addition, binders are less oxidized during mix production process, and softer 
binders can be more susceptible to moisture damage. 
Hurley and Prowell (2006) performed test on mixtures with Evotherm® and examined their 
rut deformation characteristics with the use of an Asphalt Pavement Analyzer (APA). In 
addition, varying binder grades were included in the experimental plan to assess whether 
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binder performance grades has any significant effect on the rutting performance of 
mixtures with WMA. In the study, Evotherm® was found to have equal or better rutting 
resistance compared to control HMA samples. Similar findings were found by Xiao et. al 
(2010), which involved the investigation of rutting resistance of warm mix modified 
mixtures containing three types of aggregate material that has been moisture conditioned 
prior to torture test.  
A recent study conducted by Zelelew et. al (2013) investigated the mechanical properties 
of foamed plant-produced mixtures using a single binder performance grade of PG 64-XX. 
It was found that WMA dosage, production temperature, and rheological properties all 
significantly affected the rutting resistance of the mixtures; where stripping inflection 
points observed for foamed AC mixes were lower than HMA control mixtures. This 
signifies WMA susceptibility to moisture conditioning and more prone to rutting.  
An evaluation of the effects of short-term aging of asphalt binders modified with WMA 
technologies was conducted by Hanz et. al (2011). Rheological properties obtained from 
WMA modified mixes were then compared with short-term aged virgin binders to examine 
the effect of aging time and temperature on performance. The findings suggest that the 
reduced binder aging experienced by WMA modified binders had an adverse effect on the 
high temperature performance of the bitumen, especially during the early life of the 
pavement. However, an experimental investigation on the effects of warm mix 
technologies on moisture susceptibility of mixtures Mogawer et. al (2011) found that the 
rutting resistance of modified mixtures improved with an increase in aging duration or 
temperature. Based on these studies, it appears that the rutting performance of WMA is 
varying when compared to HMA. 
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL METHODOLOGY 
This chapter focuses on material selection, experimental plan, and a brief description of 
each test considered for the purpose of this research.  
3.1 Material Source and Classification 
The loose asphalt-aggregate mixtures used in this research were collected from paving sites 
located in various districts of New Mexico. A total of 25 AC mixtures with different 
aggregate gradations and binder performance grades (PG) were considered for this research 
study. According to AASHTO MP 2 (2001) specification, most mixtures consists of 
Superpave® type-III aggregate blends (SP-III) with nominal maximum aggregate size 
(NMAS) of 19.0 mm. However, mixtures 3 and 12 were designed with Superpave® type-
IV aggregate blends (SP-IV), which compose of NMAS of 12.5 mm. Gradation curves of 
all mixtures collected are shown in Figures 3.1 and 3.2 (Appendix-A). In order to 
accommodate the regional climates associated with their respective paving operational 
sites, a variety of binder performance grades were used to construct these AC mixtures.  
Hot-mix asphalt (HMA) and Warm-mix asphalt (WMA) mixtures were collected in warm 
bulk condition with strict compliance with AASHTO T 168 (2011) method. Shoveling was 
the approach considered for facilitating the sampling process and transportation of mixes 
from pavement site to the laboratory. Paper grocery bags were utilized to serve as 
temporary sample containers, where close to 25-30 pounds of asphalt concrete were packed 
inside of these bags. Once the desired amount of mixtures were collected, samples were 
appropriately stored in the storage unit of the compaction lab, in order to prevent the 
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samples from ageing. As sampling is considered a vital process for this research, 
precautions were taken to obtain truly representative samples. Figure 3.3 depicts the 
process of collecting plant-produced asphalt concrete mixtures.  
A summary of the collected AC mixtures are presented in Table 3.1. 
Table 3.1 Summary of Asphalt Concrete Mixtures Used in this Study 
Mix Code 
Superpave 
Gradation 
Nominal 
Max. 
Aggregate 
Size 
(NMAS), 
mm 
Binder 
Performance 
Grade (PG) 
Asphalt 
Content    
(%) by 
Weight 
Reclaimed 
Asphalt 
Pavement 
(%) by 
Weight 
Aggregate 
Material Type 
M-01 SP-III 19 76-22 5.7 35 Sand & Gravel 
M-02 SP-III 19 76-22 (Foam) 5.8 35 Sand & Gravel 
M-03 SP-IV 12.5 76-22 (Foam) 6 35 Volcanic 
M-04 SP-III 19 76-22  4.9 33 Limestone 
M-05 SP-III 19 70-22 (Foam) 4.7 25 River Deposits 
M-06 SP-III 19 70-22 5.2 35 River Deposits 
M-07 SP-III 19 76-22 4.8 35 Basalt 
M-08 SP-III 19 76-22 (Foam) 4.9 15 Basalt 
M-09 SP-III 19 70-22 5.1 35 Quartzite 
M-10 SP-III 19 76-22 (Foam) 5 25 Sand & Gravel 
M-11 SP-III 19 70-22 5.1 15 Sand & Gravel 
M-12 SP-IV 12.5 76-22 (Foam) 5.2 15 Basalt 
M-13 SP-III 19 70-22 (Foam) 5.6 25 River Deposits 
M-14 SP-III 19 64-28 (Foam) 4.5 0 Sand & Gravel 
M-15 SP-III 19 64-28 (Foam) 4.5 0 Sand & Gravel 
M-16 SP-III 19 76-22 4.6 20 Sand & Gravel 
M-17 SP-III 19 76-22 (Foam) 4.6 20 Sand & Gravel 
M-18 SP-III 19 76-22 (Evotherm 4.6 20 Sand & Gravel 
M-19 SP-III 19 76-22 (Cecabase) 4.6 20 Sand & Gravel 
M-20 SP-III 19 76-22+ (Cecabase) 4.6 20 Sand & Gravel 
M-21 SP-III 19 76-22 (Foam) 4.2 0 Sand & Gravel 
M-22 SP-III 19 64-28 4.9 35 Quartzite 
M-23 SP-III 19 70-22 4.4 35 Sand & Gravel 
M-24 SP-III 19 70-22 4.7 0 Crushed Granite 
M-25 SP-III 19 70-22 4.8 15 Crushed Granite 
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Figure 3.3 AC Material Collection from Pavement Construction Site. 
With regards to the aspect of examining the asphalt binders’ contribution to rutting 
performance, pavement test sections constructed under the Long-Term Pavement 
Performance (LTPP) WMA experiment (also known as SPS-10) will be evaluated for this 
purpose.  Table 3.2 shows a summary of the asphalt concrete mixtures constructed for the 
SPS-10 project site, which also comprises important information detailing mixture 
properties. The pavement test sections selected for this research are located in district four 
of central New Mexico, where detailed geographical locations of these pavements are listed 
in Table 3.2. Figure 3.4 shows the locations for each selected pavement to be part of this 
research study.  
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  Table 3.2 Test Sections on New Mexico’s SPS-10 Project Site (Rahman et. al, 2015) 
SHRP ID Design Factor Latitude Longitude 
35AA01 Control-HMA (PG 70-28) 34.98873 -105.23389 
35AA02 Terex-WMA Foaming (PG 70-28) 34.98893 -105.23792 
35AA03 Evotherm-WMA Chemical (PG 70-28) 34.98932 -105.24598 
35AA61 Cecabase-WMA Chemical (PG 70-28) 34.99092 -105.27892 
35AA62 Cecabase-WMA Chemical (PG 70-28+) 34.99116 -105.2839 
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Figure 3.4 Map of SPS-10 Pavement Locations (InfoPave 2016). 
The pavements were constructed in fall of 2014 along the westbound lane of Interstate 40 
near Santa Rosa, New Mexico, where designs incorporate approximately 20% RAP 
materials collected from the Interstate 40 and US 84 highway stockpile. The existing 
pavement structure had approximately 10.5 to 11.5 inches of asphalt concrete layers and 
11 to 12 inches of unbound base aggregate above the natural subgrade soils. The existing 
flexible pavements’ structure service life was roughly 50 years old, which had received 
more than three rehabilitation events since preliminary construction. The implementation 
of the SPS-10 project required the pavement surface to be milled to a depth of 3 inches and 
then overlaid with one lift of 3.5 inches of asphalt concrete. As shown in Figure 3.5 and 
Cecabase®+
Cecabase® Evotherm®
Terex® Foaming
Control HMA
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listed in Table 3.3, material type of sand and gravel with uniform SP-III gradation 
properties were utilized for design of these AC mixes. 
The production of asphalt concrete utilized in the second test section were produced with 
Terex® Foaming technology and WMA chemical additive of Evotherm®  was used in the 
construction of the third test section. The New Mexico department of transportation (DOT) 
had decided to include two supplemental core sections in order to perform additional 
research on the effects of other WMA production methods, where the WMA chemical 
additive considered was Cecabase® for both pavement test sections. The asphalt concrete 
mixing temperature considered for design of HMA and WMA were 322°F and 270°F, 
respectively. In reference to Table 3.2, the first four pavement sections were manufactured 
using binder grade of PG 70-28. However, the last section was prepared with the same 
binder grade and enhancement of polymer modifiers, thus resulting in the designation of 
PG 70-28+.  
 
Figure 3.5 Gradation Curve for SPS-10 Pavement Sections. 
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Table 3.3 Mix Design Summary of SPS-10 Pavement Test Sections 
Mixture 
Type 
Binder 
Grade 
Used 
(PG) 
RAP 
Fraction 
(%) 
Versabind 
Content 
(%) 
Asphalt 
Content 
(%) 
Superpave® Mix Design: Volumetric 
Properties 
Voids in 
Mineral 
Aggregate 
(%) 
Voids 
Filled with 
Asphalt 
(%) 
Dust 
Proportion 
(%) 
HMA 
(Control) 
70-28 20 1 4.6 14.2 71.8 1.2 
Terex 
Foaming® 
70-28 20 1 4.6 14.2 71.9 1.2 
Evotherm® 70-28 20 1 4.6 14.0 71.5 1.2 
Cecabase® 70-28 20 1 4.6 14.3 71.9 1.2 
Cecabase®+ 70-28+ 20 1 4.6 14.3 72.0 1.2 
 
3.2 Experimental Testing Plan 
The comprehensive test program is designed to evaluate the rutting performance of the 
selected pavements through the assessment of mechanical and rheological properties.  The 
testing strategies are categorized according to the particular pavement distress that is being 
investigated. The testing is categorized by high temperature mixture evaluation, linear 
viscoelastic characterization, evaluation of extracted/recovered binder properties, and 
pavement distress survey. 
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Figure 3.6 Diagram Showing the Research Scope. 
3.2.1 Relating |E*| with HWTD  
The following section describes the performance of representative laboratory tests to 
evaluate rutting potential and identify LVE material functions of AC in order to develop a 
modified |E*|-based rut predictive model through a numerical method approach. This 
involves the interconversion of frequency-domain complex modulus function to time-
domain relaxation modulus (E(t))  and creep compliance functions (D(t)). Towards the end, 
a statistical evaluation was conducted to determine if the interconverted material functions 
provide the ability of predicting rutting performance of AC mixtures evaluated in this 
study. 
3.2.1.1  Rutting potential evaluation  
The rutting potential of the mixes selected for this study were evaluated by the Hamburg 
wheel track tester (HWTD). A total of four test replicates per sample category were 
prepared, where all samples were paired according to their air voids and tested in the 
Comprehensive 
Evaluation of 
Rutting Potential 
of AC mixes
Performance 
Tests
Rutting 
Resistance
Hamburg Wheel 
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LVE 
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Dynamic 
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Temperature 
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Correlation of Field 
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Performance 
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HWTD located at the UNM Pavement Hydraulics Laboratory. In addition, partial results 
from this study will be used to compare data from the evaluation of rheological parameters 
obtained from the testing of extracted binder properties, in order to examine rutting 
resistance ranking and improvement ratios among WMA-modified mixtures.  
3.2.1.2   Linear viscoelastic characterization 
This section describes the experimental plan for dynamic modulus testing. A total of three 
test replicates were performed for each sample category. Loose mix from each respective 
test section were collected from the pavement construction site and then transported to 
University of New Mexico’s research facility’s storage warehouse. Collected AC mixtures 
were then reheated and compacted in UNM’s asphalt laboratory. The performance of 
dynamic modulus on the samples will help define the LVE material AC functions. The 
interconverted parameter values from this test will serve as direct inputs into the rut 
predictive model. Dynamic modulus is performed at low strains, in order to achieve non-
destructive testing conditions.  
3.2.1.3   Numerical method interconversion of LVE material functions 
A brief overview of the numerical interconversion method documented by Schapery and 
Park (1999) as well as by Rahman et. al (2015), is adopted in this study in order to convert 
the |E*| functions into D(t) functions.  
The E(t) derived from the generalized Maxwell model (also known as Wiechert model) 
consisting of m Maxwell elements connected in parallel is given by: 



m
i
it
ie eEEtE
1
)/(
)(

    (3.1) 
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Where Ee is the equilibrium modulus or long-time modulus, Ei are the relaxation strengths, 
and ρi are the relaxation times. These parameters are all positive constants. Equation 3.1 is 
also recognized as the Prony series representation E(t) (S. W. Park and Y. R. Kim 2001). 
The D(t) can be represented by the generalized Voigt model (also known as Kelvin model), 
which consists of a spring, dashpot system with n Voigt elements connected in series. This 
can be represented by the following equation: 
        


n
j
it
jg eDDtD
1
)/(
0
)1(
1
)(


                  (3.2) 
Where Dg is the glassy compliance, η0 is the zero-shear or long-time viscosity, Dj are the 
retardation times. These parameters are all positive constants. The constants from equation 
3.1 and 3.2 can be obtained by fitting these expressions to available experimental data. 
Note that for viscoelastic solids like AC, η0 → ∞, therefore eliminating this particular 
constant in equation 3.2. 
The familiar Boltzmann superposition integral, representing the stress-strain relationship 
for an LVE material, can be given as: 
     
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                               (3.3) 
From the equation listed above, the integral relationship between uniaxial E(t) and D(t) can 
be found as: 
            1
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Using the relationships between the Carson transforms of E(t) and D(t) (also known as s-
multiplied Laplace transform), complex modulus function E*, and finally equation 3.1, the 
expressions for storage modulus (E’(ω)) and loss modulus (E’’(ω)) are given respectively 
as: 

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The dynamic or complex modulus |E*(ω)| and phase angle (δ) then can be found by the 
following equations, respectively: 
22 )('')('|)(*|  EEE                               (3.7) 
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In equations 3.5, 3.6, 3.7, and 3.8, ω  is the angular frequency of loading. ρi and Ei (i = 1, 
2, 3, …, m) can be found by fitting E(t) to the Prony series expression of E(t) given by 
equation 3.1. The unknown retardation strengths, Dj (j = 1, 2, 3, …, n) and Dg can be found 
by using the Prony series coefficients of known E(t) and thus solving the system of 
equations given as:  
                                                                   [𝐀]{𝐃} = {𝐁}                   (3.9) 
Or, AkjDj = Bk (summed on j; and k = 1, 2, 3, …, p), where, 
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𝐴𝑘𝑗 = 
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and, 
     𝐵𝑘 = 1 − ((𝐸𝑒 + ∑ 𝐸𝑖𝑒
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𝑖=1 ))                        (3.11) 
The symbol tk denotes a discrete time. For the system of linear algebraic equation as in 
equation 3.9, collocation method is effected when p = n and the least squares method may 
be employed when p > n. Equations 3.12 and 3.13 are found from substituting equations 
3.1 and 3.2 into equation 3.4.  
The retardation times (τj) corresponding to a set of pre-selected relaxation times (ρi) can 
be determined by a graphical root-finding method, which uses the relationship between 
the Carson transformed E(t) and D(t) given as: 
?̃?(𝑠)?̃?(𝑠) = 1                                    (3.12) 
Where, ?̃?(𝑠) = 𝑠 ∫ 𝐸(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞ 
0
, and ?̃?(𝑠) = 𝑠 ∫ 𝐷(𝑡)𝑒−𝑠𝑡𝑑𝑡
∞ 
0
, are referred as 
operational modulus and operational compliance, respectively. When E(t) and D(t) are 
represented by equation 3.1 and 3.2, the operational modulus and compliance can be given 
as: 
        ?̃?(𝑠) = 𝐸𝑒 + ∑
𝑠𝜌𝑖𝐸𝑖
𝑠𝜌𝑖+1
𝑚
𝑖=1                              (3.13) 
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Now, from equation 3.15: 
lim
𝑠→(
1
𝜌𝑖
)
?̃?(𝑠) = ±∞ 𝑖 = 1, 2,3, … ,𝑚        (3.15) 
Similarly, from equation 3.16: 
lim
𝑠→(
1
𝜏𝑗
)
?̃?(𝑠) = ±∞ 𝑗 = 1, 2,3, … , 𝑛        (3.16) 
From equations 3.14 and 3.18, the following equation can be obtained: 
lim
𝑠→(
1
𝜏𝑗
)
?̃?(𝑠) = 0       𝑗 = 1, 2,3, … , 𝑛        (3.17) 
The equation listed above indicates that for every give ρi and Ei, the τj can be determined 
by taking the negative reciprocal of the solutions of expression ?̃?(𝑠) = 0 where s < 0. 
Graphical representation of the source function can be used to expedite the solution. Also, 
the ρi and τj for viscoelastic solids are interlaced with each other as: 
                   ρ1 < 𝜏1 < 𝜌2 < 𝜏2 < ⋯𝜌𝑁−1 < 𝜏𝑁−1 < 𝜌𝑁 < 𝜏𝑁   (3.18) 
It should be noted that for a given test data Dg and Ee can be determined from the following 
expressions, respectively: 
𝐷𝑔 =
1
𝐸𝑒+∑ 𝐸𝑖
𝑚
𝑖=1
                  (3.19) 
𝐸𝑒 =
1
𝐷𝑔+∑ 𝐷𝑗
𝑛
𝑗=1
                  (3.20) 
In order to convert complex modulus to relaxation modulus, equation 3.5 can be used to fit 
storage modulus (E’(ω)) which can be sourced from dynamic modulus testing. The 
expression used to evaluate this parameter is given as: 
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     𝐸′(𝜔) = |𝐸 ∗ (𝜔)| ∗  cos 𝛿                 (3.21)  
However, before proceeding with the application of the interconversion method, the user 
needs to ensure that E* data is in the form of angular frequency (ω) space measured in 
radians per second rather than ordinary frequency (f) space measured in Hz. The 
relationship between these two frequencies can be described in the following: 
 𝜔 = 2𝜋𝑓                             (3.22)  
The fitting operation will evaluate the Prony coefficients ρi, Ei, and Ee. In series, equation 
3.1 is used to determine E(t). Figure 3.7 displays the E’(ω) function fitted by the Prony 
series representation of storage modulus given in equation 3.5. The pre-defined ρi and 
coefficients Ei, Ee determined in this fitting process for mixture 1 are summarized in Table 
3.4. Once the coefficients are found, the relaxation modulus as a function of time 
determined through equation 3.1 can be illustrated in the form of Figure 3.8. 
 
Figure 3.7 Prony Series Fitting of Storage Modulus. 
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Figure 3.8 Converted Relaxation Modulus as a Function of Time. 
 
In order to convert complex modulus to creep compliance, equation 3.9 is used to 
determine Dj. The graphical-root finding method was employed to find the corresponding 
τj for the pre-selected ρi. The graphical solutions of the expression ?̃?(𝑠) = 0 is presented 
in Figure 3.9.  
 
Figure 3.9 Retardation Times Found through Graphical Root Finding Method. 
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The graphical solution was obtained while transforming complex modulus test data to D(t) 
for the group of AC samples under evaluation. Figure 3.9 shows |?̃?(𝑠)| versus -1/s plot in 
logarithmic scale. Due to the inability of plotting negative numbers in logarithmic scale, 
the absolute value of ?̃?(𝑠) is used of this purpose. A total of 10,000 equidistant points in 
log-scale are plotted for the value of -1/s in between 1x10-8 and 1.0x108. The abscissa 
corresponding to each maximum is the known ρi and the abscissa corresponding minimum 
provides the unknown τj. A summary of the Prony series coefficients associated in the 
determination of D(t) for mixture 1 are listed in Table 3.5. The converted creep compliance 
as a function of time is illustrated in Figure 3.10.  
 
Figure 3.10 Converted Creep Compliance as a Function of Time. 
3.2.2 Evaluation of extracted binder properties 
Binders from loose mixes collected from the field sites were extracted and recovered to 
evaluate the impact of WMA additives on the rheological properties of the asphalt concrete 
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mixtures. The extracted binder properties will also help in showing whether there are 
detectable benefits from using warm mix asphalt additives in combination with RAP 
materials. For this study, three test replicates per method were performed for each sample 
category. In addition, all binder evaluation procedures were performed at test temperature 
of 50°C, which corresponds to the test temperature utilized in conducting the HWTD 
performance evaluations. 
The test performed on the asphalt binders included the following: frequency-temperature 
sweep (FTS), multiple stress creep recovery (MSCR), and zero shear viscosity (ZSV) tests. 
The benefit of conducting FTS allows us to estimate two rutting parameters at once, 
Superpave and Shenoy rutting parameter, from the obtained complex shear modulus (G*) 
and phase angle (δ) values. As asphalt mixture samples were collected from the paving 
site, the binders on these plant-produced mixtures underwent short-term aging during their 
production stages. Thus, the procedure of laboratory short-term oven aging was not 
considered as part of the test methodology. This study allows for comparison of WMA 
modified binders with respect to control HMA binder properties. Comparing the 
differences between the recovered binders will enable the assessment of impact, if any, of 
warm mix additives has on binder properties. As binder properties influence the amount of 
recycled materials that can be added to an AC mixture, this research aspect will also help 
show the suitability of incorporating RAP with WMA, based on the evaluation of 
rheological rut parameters. 
3.3 Testing Methodology and Equipment 
This section provides a brief background and description of the performance tests, 
equipment, and test procedures used in this research. Cumulatively, these tests will provide 
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information about the LVE characteristics, rutting resistance, and extracted binder 
properties of asphalt pavements. The results obtained from these assessments will be 
analyzed in order to develop an |E*|-based rut predictive model and examine how WMA 
additives influenced the performance results. Results from laboratory performance tests 
can also be compared with each pavement’s field performance evaluation to determine how 
laboratory test results measure with field data. 
3.3.1 Dynamic modulus 
The purpose of dynamic modulus testing is to define the material’s stress to strain 
relationship under continuous sinusoidal loading for a range of temperatures and 
frequencies. Dynamic modulus testing characterizes the stiffness properties of the asphalt 
concrete sample, which can be used to determine which mixtures may be more vulnerable 
to pavement distresses such as rutting. As shown in Figure 3.11, the testing configuration 
is based on guidelines indicated in NCHRP report 547 (Witczak 2005) and AASHTO T 
342 (2011). The test is performed at five temperatures (14°F, 40°F, 70°F, 100°F, 130°F) 
and six frequencies (25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.5 Hz, 0.1 Hz), yielding 30 test results per 
sample. The equipment used is a Material Testing System (MTS) manufactured by GCTS® 
based in the United States. The dynamic modulus values (E*) are used to construct master 
curves, which can be used to compare various categories. The dynamic modulus test was 
performed under strain-controlled conditions, where the low levels of strains enables the 
consideration of non-destructive testing mode. The target strain used was between 60 to 
150 microstrain, which is considered to be well within the linear viscoelastic region of the 
material (Weldegiorgis and Tarefder 2014). Three linear variable displacement transducers 
(LVDTs) were used to measure strain response, where these devices are positioned on 
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mounted brackets located at varying faces of the sample at the beginning of each test. The 
brackets were fixed on the sample using adhesives. Specimens used in this study were 
compacted to the size specifications required for dynamic modulus testing. 
The dynamic modulus is expressed mathematically as the maximum peak recoverable 
axial strain (Witczak, 2005): 
0
0*


E                                                           (3.23) 
  
 
Figure 3.11 Dynamic Modulus Test Configuration.  
The complex modulus (E*) when written in terms of the real and imaginary portion is 
expressed as: 
 sin*cos** EiEEiEE                                         (3.24) 
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Where E* is the complex modulus, E' is storage or elastic modulus, E'' is loss or viscous 
modulus, φ is phase angle, ti is time lag between a cycle of stress and strain(s), tp is time 
for stress cycle(s), and i is an imaginary number. 
When a material is purely elastic, φ = 0 and for a purely viscous material, φ = 90° (Witczak, 
2005). Comparison of dynamic modulus results is best done when results are developed 
into master curves. The principle of time-temperature superposition is used (Bonaquist and 
Christensen 2005; Cross et al. 2007), which allows for the E* and phase angle values 
obtained during testing, to be shifted along the frequency axis using 70°F as a reference 
temperature. This helps characterize how a mix may perform at a frequency or temperature 
which was not tested. The data from the dynamic modulus testing is fitted into a sigmoidal 
function. For fitting time-temperature shift factor functions, the following second order 
polynomial expression is used  
  cbTaT iiT 
2log                                                    (3.26) 
Where a, b, and c are fitting parameters and T is the reference temperature. 
In general, dynamic modulus master curves are modeled by the sigmoidal function 
expressed as: 
)(log
1
*log
rf
MC
e
E




                                               (3.27) 
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Where fr is the reduced frequency, δMC is the minimum modulus value. α is the vertical 
span of the |E*| function, α + δMC  is the maximum value of |E*|,  and β, γ are shape 
parameters of the sigmoidal function. The parameters (e.g. α, β, δMC, and γ) can be found 
by fitting laboratory tested |E*| mastercurve.  
The same temperature-frequency shift factors for |E*| mastercurve can be used to develop 
φ mastercurve. The resulting φ mastercurve is expected to be a single smooth curve. For 
fitting φ mastercurve, following expression is used 
             
2)log(
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Where φ(fr) is the phase angle in radians, fr is the reduced frequency in Hz, and α, β, and γ 
are the regression coefficients found by fitting |E*| function by equation 3.27. 
1 , 2 , and 
3 are the fitting parameters. 
3.3.2 Hamburg-wheel track tester (HWTD)  
This test was performed following protocols set in AASHTO T 324 (2011). The HWTD is 
a laboratory test procedure performed on asphalt mixtures, which simulates repeated wheel 
loading on specimens in order to characterize rutting resistance potential and stripping 
susceptibility. This test measures the amount of rutting deformation experienced by 
samples as a loaded steel wheel passes over the specimens. The wheel tracker device used 
for testing was manufactured by Troxler® Electronic Laboratories. Testing was performed 
at UNM’s pavement hydraulics laboratory (Figure 3.13(a)). 
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With reference to the mentioned standard, samples required for this evaluation process are 
6 inches in diameter and 60 mm in height. In the case of this study, a slight modification 
on the samples’ thickness during preparation is necessary to minimize erroneous results, 
which will be discussed in the sample compaction section of this report. As shown in Figure 
3.12, the edges of the samples are trimmed with a cutting saw along a secant line, which 
eliminates any gap or space when joining two samples together for testing. Once samples 
met dimension specification, the cut specimens are assembled in high-density polyethylene 
molds and then secured in the fastened mounting trays so that the matching faces center in 
the wheel path. The HWTD is equipped with a steel wheel (158 lbs.) having a 203 mm (8 
in.) diameter and 47 mm (1.85 in.) width, which oscillates at a rate 52±2 passes per minute 
across the surface asphalt cylindrical specimens submerged in a temperature-regulated 
water bath of 50 ± 1oC  as specified in AASHTO T 324-14. All samples were conditioned 
for a duration of 30 minutes, in order to equilibrate specimens to the HWTD test 
temperature, prior to test initialization. Once conditioning requirements have been 
achieved, samples will be subjected through 20,000 wheel passes.   
 
Figure 3.12 HWTD Sample-Trimming Process. 
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a) Hamburg-Wheel Track Tester (HWTD) 
 
b) HWTD Specimens (Pre-Test) 
 
c) HWTD Specimens (Post-Test) 
 
Figure 3.13 Hamburg-Wheel Tracking Test Configuration and Samples. 
Linear variable displacement transducers (LVDTs) located at the side of each wheel are 
employed to record the rut depth at 11 points along the test samples with 0.01 mm 
precision. Following the recommendation suggested by Schram et al. (2014), the average 
value of the rut depths at 4th, 5th, 6th, 7th, and 8th points was considered as the HWTD test 
result for this study (Figure 3.14). As this equipment is capable of testing a pair of samples 
simultaneously, average of the two parallel HWTD tests (a total of 4 tests for each asphalt 
concrete mixture) was considered as the final result for further analysis (Figure 3.13). For 
the purpose of this study, orientation of sample placement in polyethylene molds is shown 
Software Control
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Temperature Regulated 
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in Figure 3.15, where the specimen consisting of the lowest air void content will positioned 
at location 1 and the specimen with the highest air void content will be positioned at 
location 4. 
 
Figure 3.14 Schematic of Rut Depth Measurement Points Adopted in this Study. 
 
 
Figure 3.15 Top View of Test Specimen Configuration. 
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Plot of rut depth vs. number of wheel passes are analyzed to predict rutting and stripping 
susceptibility. Figure 3.16, a typical plot of rut depth vs. number of wheel passes, includes 
a post compaction consolidation, a creep slope, a stripping slope, and a stripping inflection 
point (SIP). Post compaction consolidation occurs within 1,000 number of wheel passes 
and simulates initial densification of pavement mixtures when traffic movement is allowed 
on a newly constructed pavement. The creep slope is inverse of rate of deformation from 
the segment between SIP and post compaction consolidation. It relates the rutting 
susceptibility through measurement of permanent deformation which occurs due to plastic 
flow. The stripping slope, also the inverse of rate of deformation from the following 
segment, relates the stripping susceptibility of the mixtures.  A lower value of creep and 
stripping slope indicates characteristics of decreased rutting and stripping resistance of 
tested samples. The SIP indicates the wheel pass number when the creep and stripping 
slope intersect, where this mark relates to drastic performance failure of the mixture due to 
the effects of moisture damage. Based on extensive research conducted by Yildirim 
(Matias, Yildirim, 2014), the tertiary region (stripping slope) of the plot formed from the 
examination of numerous AC slabs and pavement cores by the HWTD, appear to be 
primarily associated to moisture damage rather than mechanisms such as viscous flow that 
contribute to permanent deformation. In addition, Yildirim observed that mixtures that are 
moisture susceptible tend to start losing fine aggregates and coarse aggregate constituents 
may become dislodged around the SIP. If the plot does not include a stripping slope or a 
SIP, the mixture has adequate moisture damage resistance. 
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Figure 3.16 Typical HWTD Result Plot. 
3.3.3 Specimen preparation of cylindrical AC  
In general, there are three sample configuration options to perform the HWTD test on: 
cubical, cylindrical, and field-cored samples. For this research, laboratory compacted 
cylindrical samples were strictly considered for preparation and evaluation. In accordance 
with AASHTO T 324 (2011) standards, cylindrical specimens with specific dimensions of 
60 mm (2.4 in.) in height and 150 mm (6.0 in.) are required to operate the HWTD. Since 
compacted samples will be securely placed in a High Density Polyethylene (HDP) sheet 
mold with 60 mm in height, a modification in the preparation of the cylindrical samples 
was compulsory. This modification consists of increasing   the sample heights by 2 ± 1 mm 
in order to avoid any potential contact between the loaded steel wheel and the HDP sheet, 
resulting in vibrations that can lead to inaccurate LVDT data acquisition. 
AASHTO T 312 (2011) requires a pre-determined amount of sample to achieve the target 
air void (AV) content in compacted samples. The targeted AV percentage range assigned 
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for all tested samples was fixed within 5 to 7 %, since the state of New Mexico assigned a 
specified air void content of 6 % as the design parameter. As laboratory results of air void 
contents are highly sensitive, a tolerance of 1 % was applied. With respect to complex 
modulus testing, cylindrical AC samples of 150 mm diameter and 170 mm height were 
compacted in accordance to AASHTO T 342 (2011). Prepared samples were then cored 
and sawed to specific dimensions of 100 mm diameter and 150 mm height. 
 Obtaining the correct air void content in a compacted sample is related to the amount of 
sample to be compacted. This amount is related to the target air void content and volume 
of the sample. Density is related to the bulk specific gravity, which is described in the 
following equation: 
V
W
Gmb                                                             (3.29) 
Where Gmb is the bulk specific gravity, γ is the density (g/cc), W is the mass of the 
specimen (g), and V is the volume of the sample (cc).  
The concept of air void content is related to the theoretical maximum specific gravity and 
the bulk specific gravity. The following equation obtained from literature explains the 
relationship between these two parameters and air void content: 
mm
mb
G
G
AV 1                                                           (3.30) 
mmmb GAVG  )1(                                                     (3.31) 
Where AV is the air void content in percent, Gmb is the bulk specific gravity, and Gmm is the 
theoretical maximum specific gravity. Gmb can be estimated by rewriting equation 3.30 into 
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equation 3.31. By replacing equation 3.31 into equation 3.29, the mass of sample required 
for compaction can be calculated by the following: 
 hrGAVVW mm ***)1(*
2                                        (3.32) 
As an added measure to calculate the right amount of sample for compaction, 1 % of W 
equivalent in grams of sample is added to the equation above. Sample volume was 
calculated for specimens with dimensions of 150 mm in diameter and 178 mm in thickness. 
Once sample weight was configured, the Superpave Gyratory Compactor (SGC) was used 
to compact AC samples. This particular equipment provides two compaction options; 1) 
compaction by specified height or 2) compaction by number of gyrations. Since the initial 
height of the specimen was fixed at 178 mm, the first method was employed to accomplish 
compaction efforts.  
 
Figure 3.17 Compaction of AC Cylindrical Samples Using SGC. 
In addition to the selection of compaction methods, compaction temperature was 
configured. According to studies conducted by Aschenbrener and Far (1994) and Roberts 
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et. al (2012), it was observed that any loss of sample temperature during the compaction 
process leads to HWTD results variation. For this study, compaction temperature listed in 
mixture design sheets were strictly followed. Mixes were placed in the oven for a duration 
of two to three hours of aging based on the recommendations of NCHRP Report 815 
(Newcomb et. al 2015). Precautions were taken for the pre-conditioning of samples, as 
previous research has shown that mixes age rapidly as oven time is prolonged, resulting in 
a stiffer asphalt concrete (Aschenbrener and Far 1994). Gyratory molds and apparatuses 
used for compaction process were also placed in the oven at similar temperatures’, in order 
to maintain the temperature credibility of the sample throughout the preparation routine. 
3.3.3.1 Theoretical maximum specific gravity (Gmm)  
Theoretical maximum specific gravity is a critical AC characteristic because it is used to 
calculate percent air voids in compacted AC. This calculation is used both in Superpave 
mix design and determination of in-place air voids in the field. This test protocol was 
conducted in accordance to AASHTO T 209 (2011) and AASHTO TP 69 (2007), where 
Gmm is determined by taking a sample of 1000 g loose asphalt concrete and using the 
CoreLok® method. Once samples are subjected with vacuum, the bagged sample was 
submerged in the water tank, immediately cutting the vacuum bag open allowing for water 
to saturate the loose mix. Figure 3.18 illustrates the typical process involved in the 
determination of Gmm. 
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a) CoreLok® vacuum device 
 
b) Placement of sample inside 
chamber 
 
c) Removal of vacuum from specimen and sample saturation 
Figure 3.18 Determination of Gmm. 
The sample was placed in the suspended underwater scale and the mass was then recorded. 
The Gmm parameter was then calculated with the help of the obtained weights during the 
test. 
ED
D
Gmm

                                                           (3.33) 
Where D is the mass of dry loose mixture, and E is the mass of loos mixture under water. 
3.3.3.2 Bulk specific gravity of compacted mix (Gmb)  
To obtain relatively accurate air void contents for laboratory compacted AC samples, the 
bulk specific gravity must be determined. Bulk Specific gravity is defined as the ratio of 
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the mass in air of a unit volume of a permeable material (including both permeable and 
impermeable voids normal to the material) at a stated temperature to the mass in air (of 
equal density) of an equal volume of gas-free distilled water at a stated temperature. This 
test method was conducted in accordance to AASHTO T 166 (2005), where the surface 
saturated dry (SSD) method was chosen approach for this testing procedure. The following 
equation describes the process to determine the Gmb: 
CB
A
Gmb

                                                           (3.34) 
Where A is the mass of sample in air (g), B is the mass of SSD sample in air (g), and C is 
the mass of sample submerged in water (g).  
This method involves the use of a vibro-deairator, where the sample was placed inside a 
pressurized chamber. A pressure gauge was attached at the top side of the chamber, which 
enables pore-locked air voids to be released from the sample and to be absorbed by the 
pressure line. This operation was done in conjunction to the application of vibration, which 
intensifies the release of more entrapped air voids. Samples were subjected with vibration 
for a duration of 5 to 15 minutes. In this fashion, most of the entrapped air voids will be 
released and replaced by water. Figure 3.19 shows the process involved in determining the 
Gmb. 
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(a) 
 
(b) 
 
 
(c) 
 
Figure 3.19 Procedure Involved in Determining Gmb. 
3.3.3.3 Air void content determination (Va)  
Once the values of Gmm and Gmb are defined for each sample, the air void content (Va) 
may be estimated from the following equation: 
100*)(
mm
mbmm
a
G
GG
V

                                                  (3.35) 
Where Gmm is the theoretical maximum specific gravity, and Gmb is the bulk specific 
gravity of the sample. 
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3.3.4 Extraction and recovery of asphalt binders 
In order to evaluate the effects of warm mix additives and recycled materials, extraction 
and recovery of asphalt binder from asphalt concrete was the approach considered. The 
process is elaborately explained and showed in the following section. Extraction of asphalt 
binder is performed following AASHTO D2172 (2010) and AASHTO D5404 (2010),  
respectively. 
 
(a) Trichloroethylene solvent 
 
 
 
(b) AC samples submerged in 
Trichloroethylene solvent  
 
 
(c) Extraction of asphalt-trichloroethylene solution 
 
Figure 3.20 Binder Solvent Extraction in Centrifuge Phase I. 
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As shown in Figure 3.20(b), Trichloroethylene was used as the solvent. The sample is 
submerged in 600 mL of Trichloroethylene solvent and kept covered for 45 minutes. The 
bowl was mounted securely in the centrifuge, where a filter paper was introduced on top 
of the bowl in order to capture the fines. The bowl was clamped tightly to start the 
centrifuge slowly and followed with an increased speed to 3600 rev/min, as shown in 
Figure 3.20(c). When the solvent flow ceases to drain, the centrifuge is stopped completely. 
The addition of another 200 mL of trichloroethylene solvent is poured into the asphalt 
mixture for binder extraction as shown in Figure. These steps were repeated until the 
extract was not less than straw color. 
The following step involves the introduction of the extract into the high speed filterless 
centrifuge system in accordance to ASTM D1856 (2003), shown in Figure 3.21, to a 
centrifuge charge of no less than 30 minutes with 770 times of gravity with a small flow 
rate of 150 mL/min. The liquid solution is forced upward due to the centrifugal force and 
spills over the top of the beaker into the overflow collection unit. The fine particles or 
mineral fillers remain in the beaker and the asphalt-trichloroethylene solution is collected. 
The procedure allows the removal of fines which were not separated using the initial 
centrifuge process. 
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(a) High speed filterless centrifuge 
 
 
(b) Separation of fines from asphalt-
trichloroethylene solution 
Figure 3.21 Binder Solvent Extraction in Centrifuge Phase II for Removal of Fines. 
Binder recovery from solvent extract was achieved through the process of using the rotary 
evaporator in accordance to AASHTO D5404 (2010). At first, the oil bath was heated to 
140°C and a vacuum of 50 mm of Hg was introduced into the system. The vacuum allows 
the introduction of 600mL of asphalt solvent extract solution in the distillation flask by the 
sample line. A nitrogen flow of 500mL/min was introduced to reduce further aging of the 
binder sample. The distillation flask started to rotate at a speed 40 rpm and lowered into 
the heated oil bath. The vacuum pressure, oil bath temperature and condenser temperature 
can be found in Figure 3.22. 
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Figure 3.22 Rotary Evaporator System for Binder Recovery. 
The remaining amount of solvent extract was introduced in the distillation flask as the 
solvent in the flask becomes very low.  When the bulk of the solution was recovered from 
the extract the distillation flask lowered 1.5 in in the oil bath, the vacuum was reduced to 
80 m of Hg, the system introduced to a higher nitrogen flow of 600 mL/min and a higher 
rotation of 45 rpm for a duration of 10 minutes. 
As shown in Figure 3.23, the last step of the procedure includes the binder recovery from 
the volumetric flask into a small aluminum container at an oven temperature of 165°C. The 
recovered binders were tested in the dynamic shear rheometer (DSR) to examine impacts 
of warm mix additives on the rheological properties of asphalt. 
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Figure 3.23 Asphalt Binder Recovery Post-rotavapor Process. 
3.3.5 Dynamic shear rheometer (DSR) 
For this study, extracted binders will be tested in the dynamic shear rheometer (DSR) 
(Figure 3.24(a)); device used to characterize the viscous and elastic behavior of asphalt 
binder at high and intermediate temperatures. Since asphalt behavior depends on both 
time and temperature, the ideal test for asphalt would evaluate both effects. The device 
used in this study was a unit model MCR 301 manufactured by Anton-Paar®. The 
operation of this device mainly consists of an asphalt that is sandwiched between a fixed 
plate and a plate that oscillates back and forth as shown in Figure 3.24(b). This device 
employs a dynamic oscillatory load starting at point A and moves to point B. From point 
B, the oscillating plate moves back passing point A on its way to point C. From point C, 
the plate moves back to its initial position (point A). The sinusoidal shear stress is applied 
in the form of sinusoidal time function. The dynamic load can be presented as a 
sinusoidal time function, which can be expressed mathematically: 
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)sin(0 t                                                          (3.36) 
 
a) Anton-Paar MCR 301 DSR in UNM’s Binder Laboratory 
  
b) DSR Operation with Stress-Strain Response of a Viscoelastic Material 
Figure 3.24 Dynamic Shear Rheometer. 
This test determines two important rheological parameters: complex shear modulus (G*) 
and phase angle (δ). G* is a measure of the total resistance of a material to deformation 
when repeated sheared. It consists of two components: storage modulus (G') and loss 
53 
 
modulus (G''). G' is the elastic component (recoverable), which relates to the amount of 
energy stored in the sample during testing. On the other hand, G'' is the viscous component 
(non-recoverable), which relates to the energy lost during testing through permanent 
deformation or flow. δ is an indicator of the relative amounts of recoverable and non-
recoverable deformation. Together, G* and δ define the resistance to shear deformation of 
the asphalt binder in the linear viscoelastic region. G* and δ are used as predictors of AC 
rutting; where rutting is the main concern early in any pavement service life.  
 
Figure 3.25 Relationship Between Parameters Obtained from DSR Testing (Bahia and 
Anderson 1993). 
 
3.3.6 Frequency sweep test 
This test method involves the determination of G* and δ of asphalt binder when tested in 
dynamic shear. G*/sinδ and G*/(1-(1/tanδsinδ)) values of the bitumens were determined 
in accordance with the AASHTO T 315 (2011) standard by applying a oscillatory shear 
stress with 10 rad/s (1.59 Hz) frequency, with the DSR device preset in oscillation mode. 
The model used has a Peltier conditioning cell and an air-operated suspension system that 
reduced the friction between the moving parts. The test configuration consists of the use 
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of 25 mm loading plate with a gap space of 1 mm. The test was implemented on extracted 
binders at a temperature of 50°C with a maximum admitted deviation of ± 0.01°C from 
the selected temperature during the whole experiment. Before each test the samples was 
thermally conditioned between the plates for 10 minutes. Once the test has concluded, 
complex shear modulus (G*= τ/γ) and phase angle (δ) values were determined in order to 
calculate the two targeted rutting susceptibility parameters. 
The Superpave parameter (G*/sinδ) has traditionally been associated as the premier 
standard specification for evaluating the rutting resistance of both unmodified and polymer 
modified binders (Bahia and Anderson 1995). The G*/sinδ showed adequate results for 
virgin binders, however, showed unconvincing trend for binders incorporated with polymer 
modifiers due to its inability to capture delayed elastic recovery (D’Angelo 2009; Oliver 
and Tredrea 1998; Sherwood et al. 1998; Tabatabaee and Tabatabaee 2010). Shenoy (2001) 
sought out a new stiffness indicator for more suitably evaluating and ranking the rutting 
performance of bitumen. This resulted in the introduction of the G*/(1-(1/tanδsinδ)) (also 
known as the Shenoy parameter), which considers the elastic component of the asphalt 
binder and was deemed to be useful for determining the rutting resistance of binders 
polymerized (Shenoy 2004). 
3.3.7 Zero shear viscosity (ZSV) based on burger’s model 
In this study, a load of 100 Pa was applied for 4 hours so that the deformation in the binder 
reaches steady state. Based on the findings of Guiliani et. al (2006), the ZSV can be 
extrapolated from the equation of Burger’s model, by means of measuring the creep 
compliance J(t) during the final phase of the test, where the binder deformation is present 
in steady state,. 
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Where γ is the deformation, τ0 is the shear stress value before the strain step (in relaxation), 
Go and G1 are shear modulus values of the springs, η1 is shear viscosity of an individual 
Maxwell or Kelvin-Voigt element, η0 is zero shear viscosity, t is the test time(s). 
Guiliani suggested that when the binder has reached a steady state flow, only the viscous 
portion of the Burger’s model (t/η0) varies. According to the theoretical assumptions of this 
method, the ZSV of an asphalt binder can be determined by the use of equation 3.38 using 
the average of viscosity over the last 15 minutes. This is obtained by dividing the change 
in time (Δt) by the change in compliance (ΔJ) over the last 15 minutes of the test. This is 
expressed in mathematical terms as follows: 
15
900
JJJ
t
ZSV
f 



            (3.38) 
Hence, Jf  is the compliance value recorded at the end of the creep test, J15 is the compliance 
measured 15 minutes prior to the removal of load and the time interval (s) between the two 
compliance readings is equivalent to 900 seconds. 
3.3.8 Multiple Stress Creep Recovery (MSCR) 
The MSCR test aims at measuring the permanent deformation properties of asphalt binders. 
This test was developed by the U.S Federal Highway Administration (FHWA 2011) in 
order to provide a new high temperature binder specification that more accurately indicates 
the rutting performance of the bitumen and has been shown to be sensitive to polymer 
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modification in many studies (DuBois et al. 2014; Vahidi et al. 2013). The test is typically 
performed at the maximum PG (performance grade) temperature of each binder. But for 
this study, tests were conducted at 50°C in order to correlate results with the HWTD. In 
accordance with AASHTO TP70 (2009) and AASHTO MP19 (2010), the percent recovery 
(% R) and non-recoverable creep compliance (Jnr) were determined and reported as average 
results. The MSCR test consists a total of 10 cycles of creep and recovery - 1 s loading 
time of a constant shear load and followed by 9 s unloading time at stress levels of 0.1 and 
3.2 kPa. During each test cycle, the bitumen reaches a peak strain and then recovers before 
the shear stress is applied again. The difference between the peak strain and the final strain 
is divided by the peak strain to acquire the percent recovery (elastic) for each cycle. A 
typical creep and recovery curve in MSCR test is shown in Figure 3.26. 
 
Figure 3.26 A Typical Creep and Recovery Curve in MSCR Test. 
 
At each stress level, ten cycles are applied with no time lag and corresponding strain values 
are recorded. The percent recovery is calculated through the use of equation 3.39, where er 
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of the ten cycles at a creep stress (σ, Pa), the non-recoverable creep compliance, Jnr (kPa-1) 
is given by equation 3.40, where enr and σ are the non-recoverable deformation and test 
stress level, respectively. Finally, Jnr is determined at 3.2 kPa using equation 3.41.  
100% 
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In addition, Jnr values can help grade and classify asphalt binders’ traffic loading capacity, 
falling into traffic levels that are categorized into ranges of equivalent single axle loads 
(ESALs) shown in Table 3.6. As an example, with reference to the following table, an 
asphalt binder evaluated at 64°C temperature and 3.2 kPa stress level with a resulting Jnr 
value of 2.5 kPa-1 would be graded as PG64-S capable of sustaining up to 10 million 
ESALs. This grading process promotes the necessity to temperature bump binders when 
heavy traffic is anticipated, which is the case under present standards. However, the high 
temperature binder specification rutting parameter form the MSCR test (Jnr) makes the 
distinction based on expected performance. 
       Table 3.6 Traffic Grading Based on Jnr Values (D’Angelo 2009) 
Jnr          
(3.2 kPa) 
Traffic Category ESALs 
≤ 4.0 Standard (S) < 10 million 
≤ 2.0 Heavy (H) 10 - 30 million 
≤ 1.0 Very Heavy (VH) > 30 million 
≤ 0.5 
Extremely Heavy 
(EH) 
> 30 million, standing traffic 
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As mentioned earlier, this test also measures the percent recovery parameter from peak 
loading; which is associated to the elasticity of the bitumen.  This test operates similarly 
to the AASHTO T 301 Elastic recovery test (2013), which captures the elasticity 
response of asphalt binder due to incorporation of polymers. Research conducted by the 
FHWA has correlated non-recoverable creep compliance and percent recovery values 
obtained from MSCR testing of many polymerized asphalt binders. Based on those data, 
minimum % Recovery values can be specified for certain Jnr values. As shown in Figure 
3.27, asphalt binders that fall below the curve are considered to have low levels of 
elasticity. On the contrary, asphalt binders that are situated above the curve have high 
elasticity, where this behavior are indicative of characteristics of polymer influence. 
 
Figure 3.27 % Recovery vs. Jnr Plot. 
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CHAPTER 4 
MIXTURE PERFORMANCE TEST RESULTS AND ANALYSIS 
4.1 HWTD – Rutting Performance 
This section presents the HWTD results. As previously mentioned, a total of 4 test 
replicates were performed for each AC mixture. As shown in Figure 4.1 found in Appendix 
– A, each line represents the results of test replicates. The average for each set is used to 
construct the generalized HWTD results for 25 mixes shown in Figure 4.2 below. 
Additional HWTD results for each mix can be found in Table 4.1 (Appendix – B), which 
includes parameters such as air void content, post-compaction slope, creep slope, stripping 
slope and stripping inflection point.  From literature, these parameters have been used to 
analyze the behavior of AC under HWTD evaluation. 
 
Figure 4.2 Generalized HWTD Results. 
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From Table 4.1 and Figure 4.2, three out of the total mixes examined reached the stripping 
phase, which exhibited rut values between the range of 5.5 and 6.5 mm. Poor rutting 
resistance was observed in mixture 15, which accumulated 6.34 mm in rut deformation. 
The mixture’s mix design involves the use of a low binder PG of 64-XX with foaming 
technology, which might be an attributing factor to its rutting resistance outcome. 
Comparing mixtures 23 and 24, similar maximum rutting depths of 5.85 and 5.63 mm were 
detected, respectively. A slightly better rutting resistance was observed in mix 24 despite 
having no RAP fraction compared to the 35% RAP percentage of mix 23.  
On the contrary, mix 4 demonstrated superior rutting resistance, experiencing 1.81 mm of 
accumulated deformation. The makeup of this AC mix comprises the use of high binder 
PG 76-XX and aggregate material type of limestone. Unfortunately, no comparisons can 
be made with other mixes concerning the effects of this type of aggregate material, as the 
mix design of mix 4 is the only instance where this form of aggregate type was utilized for 
pavement construction among the collected mixes.    
4.1.1 Binder performance grades’ influence on rutting performance 
This research encompasses the collection of HMA and WMA AC mixtures with varying 
binder performance grades. According to research findings of Gogula et. al (2003), which 
investigated the effects of different binder grades (PG 52-XX, PG 58-XX, PG 64-XX, PG 
70-XX)  and air void contents on ACs’ rutting performance with the use of HWTD, high 
rutting resistance was observed in mixes constructed with PG 70-XX and  mixes containing 
lower air void contents. All the mixes collected in this study fall into three main categories 
of binder performance grades: PG 64-XX, PG 70-XX, and PG 76-XX. 
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Figure 4.3 HWTD Results Plot for Mixes with PG 64-XX. 
 
Figure 4.3 shows the HWTD plot for mixtures with PG 64-XX. It can be seen that mix 22 
exhibits the best rutting resistance performance with 2.84 mm in rut. Mixtures 14 and 15 
consists of the same WMA binder modification process and aggregate type material. 
However, a slightly better rutting performance was observed in mix 14. 
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Figure 4.4 HWTD Results Plot for Mixes with PG 70-XX. 
Figure 4.4 depict the rut progression curves for mixtures with PG 70-XX. As discussed 
earlier, stripping was observed in mixture 23, indicating a stripping inflection point at 
13050 wheel passes. Mix 6, consisting of 35% RAP and aggregate type of river deposits, 
experienced the least amount of deformation. Concerning WMA mixes, similar rutting 
performance were observed in mixtures 5 and 13. As shown in the figure above, mix 13 
has a lower post-compaction slope (759 passes/mm) compared to mix 5 (913 passes/mm); 
signifying higher densification rate of mix 13 at the earlier stages of the test. However, a 
higher creep slope was observed for mix 13 (27244 passes/mm) compared to its counterpart 
(18168 passes/mm); indicating improved rutting resistance which lead to slightly lower 
maximum rut depth value.   
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Figure 4.5 HWTD Results Plot for Mixes with PG 76-XX. 
Figure 4.5 shows the rut progression curves for mixtures with PG 76-XX. Best rutting 
resistance was observed in mix 4, which presented a maximum rut depth value of 1.81 mm. 
As discussed earlier, the aggregate type used within the mixture’s design is unique among 
the collected mixtures. Worst rutting performance was observed in mix 16, which exhibited 
a rut deformation of 4.72 mm. Compared to mixtures with PG 64-XX and PG 70-XX, no 
signs of stripping were observed in mixtures consisting of PG 76-XX.  
4.1.2 Air void contents’ influence on rutting performance 
Simple linear regression models were developed to study the relationship between air void 
content and pavement rutting potential, with respect to binder performance grades. As 
shown in Figure 4.6, it was observed that air void content for mixtures with PG 64-XX 
demonstrated good correlation with HWTD maximum rut depths (R2 = 0.7438), indicating 
higher air void’s result in higher rut deformation. However, due to the low amount of data 
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points collected for analysis, the results obtained cannot be regarded as a reliable measure 
of the linear correlation between the parameters under investigation. 
 
Figure 4.6 Correlation of AV% to HWTD Rutting Performance – PG 64-XX. 
 
  
Figure 4.7 Correlation of AV% to HWTD Rutting Performance – PG 70-XX. 
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Figure 4.8 Correlation of AV% to HWTD Rutting Performance – PG 76-XX. 
In comparison, no clear relationship between the percent air voids and maximum rut depths 
of AC samples with binder PG 70-XX (R2 = 0.1227) and PG 76-XX (R2 = 0.0076) was 
evident, as shown in Figures 4.7 and 4.8. 
  
Figure 4.9 Correlation of AV% to HWTD Rutting Performance – Overall. 
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Lastly, based on the simple regression analysis performed to assess the correlation of 
percent air voids with HWTD results for all mixtures, a R2 value of 0.0043 was obtained 
signifying no relationship between the investigated parameters. 
4.1.3 HWTD mixture rankings 
The mixes were ranked according to their final rut depth recorded at 20,000 wheel passes. 
The Hamburg test rankings are listed in Table 4.2. If no stripping inflection point occurred 
during the test, this signifies that the mixture comprises adequate moisture damage 
resistance against the ill effects of water. The mixture with the highest rank is AC mix 4 
because of its low rutting depth of 1.81 mm after test completion. This may be attributed 
to its mix design components of a high performance grade binder coupled with the 
integration of high RAP fraction (35%) and aggregate material of limestone. The overall 
rankings suggest that stiffer binders play a role in hindering the SIP development within a 
mixture. However, this observation doesn’t hold true for mixes 23 and 25, which were 
constructed with binder PG 70-XX. AC mix 25 ranked the lowest among the test group 
with a measured final rut depth of 6.34 mm, where the integration a low binder PG grade 
with WMA modification may potentially cause adverse effects to the structural integrity of 
the pavement against heavy loads. Tables 4.3 and 4.4, found in Appendix-B, lists the 
ranking order of mixes according to PCS and CS values, respectively. It was observed that 
mixes with qualities of high rutting resistance exhibit high PCS and CS parameters.  
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Table 4.2 Ranking of Mixes by Maximum Permanent Deformation 
Rank Mix ID Binder Grade (PG) 
Max 
Rut 
(mm) 
PCS         
(passes/mm) 
CS 
(passes/mm) 
1 M-04 76-22 1.81 1,184 26,219 
2 M-06 70-22 1.99 945 19,811 
3 M-02 76-22 (Foam) 2.28 953 13,879 
4 M-20 76-22+ (Cecabase) 2.44 1,171 17,494 
5 M-13 70-22 (Foam) 2.51 759 27,244 
6 M-01 76-22 2.56 971 18,524 
7 M-07 76-22 2.63 806 21,418 
8 M-22 64-28 2.84 743 14,029 
9 M-05 70-22 (Foam) 2.92 913 18,168 
10 M-08 76-22 (Foam) 3.02 810 15,692 
11 M-17 76-22 (Foam) 3.07 640 7,224 
12 M-25 70-22 3.2 706 14,855 
13 M-12 76-22 (Foam) 3.27 766 9,886 
14 M-09 70-22 3.4 824 12,747 
15 M-21 76-22 (Foam) 3.46 696 20,898 
16 M-19 76-22 (Cecabase) 3.59 837 11,387 
17 M-10 76-22 (Foam) 3.70 756 10,671 
18 M-18 76-22 (Evotherm) 3.99 511 9,359 
19 M-03 76-22 (Foam) 4.16 693 8,512 
20 M-16 76-22 4.72 677 8,929 
21 M-14 64-28 (Foam) 5.02 613 11,955 
22 M-11 70-22 5.47 474 8,725 
23 M-24 70-22 5.63 540 7,475 
24 M-23 70-22 5.85 712 9,438 
25 M-15 64-28 (Foam) 6.34 540 5,476 
 
4.2 Dynamic Modulus Test Results 
Figures 4.10, 4.11, and 4.12 present the dynamic modulus (|E*|) mastercurves for all the 
mixes studied, classified according to respective binder performance grades. Theoretically, 
AC mixes that have high stiffness properties are expected to be more rut resistant than 
mixes with low stiffness properties; where higher E* value is synonymous with the mix 
having stiffer material properties. Additional dynamic modulus results for each mix can be 
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found in Tables 4.5, 4.6, and 4.7 (Appendix – B), which includes the fitted parameters 
(|E*|, δ, Shift Factor Functions) used for mastercurve development.  
 
Figure 4.10 Dynamic Modulus Mastercurves – PG 64-XX. 
 
 
 
 Figure 4.11 Dynamic Modulus Mastercurves – PG 70-XX. 
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Figure 4.12 Dynamic Modulus Mastercurves – PG 76-XX. 
 
4.2.1 Dynamic modulus test mixture rankings 
The dynamic modulus values are shown in Table 4.8, which can be found in Appendix-B. 
This test method measures the stiffness property of AC at 14°F, 40°F, 70°F, and 100°F. 
The dynamic modulus test is operated at six frequencies. It was observed that as the test 
temperature range is reduced, the stiffness increases. Rankings for low to intermediate 
temperatures (14°F, 40°, and 70°F) depict lower E* values as higher ranked because a 
lower E* indicates better resistance to low temperature cracking. However, in order to 
correlate with HWTD results performed at 50°C (122°F), the E* values measured within 
the temperature and frequency range of 130°F (54.4°C)  and 1 Hz (≈ 10 rad/sec) will be 
evaluated. The dynamic values for this specific temperature and frequency range are listed 
below Table 4.9. AC mix 1 exhibits the highest stiffness in the temperature category, 
indicating a high rutting resistance. High E* values are preferred at high temperatures, 
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signifying a mixture’s ability to resist rutting. The overall rankings suggest that mixes with 
higher fractions of RAP tend to have higher E*, where RAP has been known to increase 
the stiffness of a mixture when incorporated. 
Table 4.9 Ranking of Mixes by Dynamic Modulus Measured at 130°F and 1 Hz   
Frequency 
Rank Mix ID Binder Grade (PG) 
RAP 
Fraction 
(%) 
Aggregate 
Material Type 
E* (ksi) 
1 M-01 76-22 35 Sand & Gravel 1242.47 
2 M-04 76-22 (Foam) 33 Limestone 259.47 
3 M-03 76-22 35 Volcanic 211.39 
4 M-21 64-28 (Foam) 0 Sand & Gravel 191.80 
5 M-02 76-22+ (Cecabase) 35 Sand & Gravel 184.67 
6 M-14 64-28 0 Sand & Gravel 153.66 
7 M-06 70-22 (Foam) 35 River Deposits 146.68 
8 M-17 76-22 (Foam) 20 Sand & Gravel 134.64 
9 M-22 64-28 (Foam) 35 Quartzite 133.01 
10 M-09 76-22 (Foam) 35 Quartzite 126.86 
11 M-20 76-22 (Foam) 20 Sand & Gravel 118.85 
12 M-24 76-22 (Evotherm) 0 Crushed Granite 114.04 
13 M-18 76-22 (Foam) 20 Sand & Gravel 110.48 
14 M-05 70-22 25 River Deposits 110.44 
15 M-16 70-22 20 Sand & Gravel 96.61 
16 M-23 70-22 35 Sand & Gravel 95.04 
17 M-25 70-22 15 Crushed Granite 94.11 
18 M-07 76-22 (Cecabase) 35 Basalt 91.51 
19 M-13 76-22 (Foam) 25 River Deposits 90.64 
20 M-12 70-22 (Foam) 15 Basalt 85.55 
21 M-11 76-22 (Foam) 15 Sand & Gravel 83.67 
22 M-10 76-22 25 Sand & Gravel 73.48 
23 M-08 70-22 15 Basalt 70.27 
24 M-19 76-22 20 Sand & Gravel 67.51 
25 M-15 70-22 0 Sand & Gravel 64.30 
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CHAPTER 5 
DEVELOPMENT OF MODIFIED |E*|-BASED RUTTING PERFORMANCE 
PREDICTIVE MODEL 
This chapter is dedicated to present the process involved in the development of a modified 
rutting prediction model based on complex modulus functions.  
Specific objectives of this chapter cover the following: 
 Define the |E*|-based rut model parameters (ß1 and ß2) for each evaluated AC 
mixture under rutting distress. 
 Generalization of the variable coefficients associated with the rut model parameters 
through the process of optimization by non-linear regression using least squares 
method. 
 Model evaluation to observe the correlation between predicted and observed rut 
values. 
As defined in chapter 2, the approach developed by Rahman et. al (2016) to estimate the 
rutting performance of AC mixtures from dynamic modulus is shown again in the 
following semi-empirical expression (Equation 5.1). For this research, the following 
equation is revised in order to predict the rut progression curves of compacted AC mixtures 
at varying number of wheel passes.  
𝑅𝑑(𝑁) = 𝛽1𝑁 + 𝛽2[𝐷𝑔 + ∑ 𝐷𝑗(1 − 𝑒
−(
𝑁
𝜏𝑗
)
)]𝑛𝑗=1 𝑤ℎ𝑒𝑛,𝑁 > 0
             (5.1) 
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Where 𝛽1 = 0.000226𝑒
−.02164𝐸𝑒  , 𝛽2 = 61.942408𝑒
.008801𝐸𝑒 , Dg is the glass compliance, 
Dj are the retardation strengths, N are the number of HWTD wheel passes, and lastly τj are 
the retardation times; where all are positive constants. 
5.1 Model Variables  
AC mixture properties and long-term modulus (Ee), obtained from dynamic modulus tests,  
were considered as model variables to calibrate the |E*|-based rut predictive model 
developed by Rahman et. al (2016). The β1 and β2 parameters are different for various AC 
mixtures and therefore can be viewed as dependent on the physical properties of the 
associated AC materials.  The selection of model variables was based on statistical data 
analyses conducted to evaluate the relationship between β1 and β2 to the asphalt mixture 
properties. The evaluation of the model variables was done on the basis of the linear 
dependence of |E*|-based rut predictive model parameters to the mixture properties. Table 
5.1 (Appendix – B) presents the fitted parameters of all 25 AC mixtures studied against 
different mixture variables and it was concluded that the various physical attributes 
summarized in Table 5.2, found in Appendix – B, were found to be suitable for the intent 
of modifying the specified predictive model.  
 In Table 5.2, ρ3/8, ρ3/4, and  ρ200 are the cumulative percent retained on 3/4 inch, 3/8 inch, 
and no. 4 standard sieves, respectively, for the aggregate blends used in the studied AC 
mixtures. Ee is defined as the equilibrium modulus of the AC material, which can be 
represented in the mathematical form of 𝐸𝑒 = (𝐷𝑔 + ∑ 𝐷𝑗
𝑛
𝑗=1  )
−1
. Gse is the effective 
specific gravity of the aggregate, also regarded as the specific gravity of the aggregate 
excluding the voids permeable to asphalt, which can be given as: 
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    𝐺𝑠𝑒 =
100−𝑃𝑏
(
100
𝐺𝑚𝑚
−
𝑃𝑏
𝐺𝑏
)
                     (5.2) 
Where  Gmm is the theoretical maximum specific gravity of the AC mixture, Pb is the binder 
percentage that consists in the mixture, and Gb is the specific gravity of the binder.  
5.2 Initial Formulation of Modified |E*|-based Rut Model 
As mentioned earlier, the formulation of the rutting predictive model was based on the 
correlation established through the analysis of linear dependence of |E*|-based rut 
predictive model parameters to the mixture properties. Figures 5.1(a) and 5.1(b) 
demonstrate the relationship between parameter ß1 versus variables ρ3/8 and ρ4 plots with 
their trends with best fitting but minimized number of coefficients. The associated R2  
values confirm the existing correlation between the considered variables and  ß1. Similarly, 
Figures 5.2(a), 5.2(b), and 5.2(c) illustrates the relationship between parameter ß2 versus 
variables ρ200, Ee, and Gse plots with their trends. Correspondingly, this case analysis 
shows the representative R2 values endorse that some correlations exist between these 
evaluated variables and ß2.  
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Figure 5.1 Effect of Variables on Parameter ß1 of Modified |E*|-based Rut Model. 
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(c) 
 
Figure 5.2 Effect of Variables on Parameter ß2 of Modified |E*|-based Rut Model. 
Subsequently, the rut model parameters are evaluated by superimposing the effect of all 
the variables listed in Table 5.2, and can be given by the following equations: 
𝛽1 = 𝑎0 + 𝑎1(𝜌3/8) + 𝑎(𝜌4)                   (5.3) 
𝛽2 = 𝑏0 + 𝑏1(𝜌200) + 𝑏2(𝐺𝑠𝑒) + 𝑏3(𝐸𝑒)
𝑏4                  (5.4) 
In equations 5.3 and 5.4, ai and bi are the coefficients required to be optimized by non-
linear regression using the least squares method. 
5.3 Non-Linear Rut Model Development 
In order to develop the predictive model for estimating the permanent deformation 
behavior of AC mixtures evaluated in this study, the non-linear regression technique was 
employed. In this effort, HWTD test data of all 25 AC mixtures were used to obtain the 
ultimate form of the prediction model. The modified version of the rutting predictive 
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model, established by Rahman et. al (2016) for AC mixtures typically used in New Mexico, 
can be expressed in the same mathematical form of equation 5.1 but with revised model 
parameters described in the following:  
𝛽1 = −6.591400 ∗ 10
−05 + 8.848520 ∗ 10−07(𝜌3 8⁄ ) + 2.048230 ∗ 10
−06(𝜌4)                     (5.5) 
𝛽2 = −2739.583380 + 32.250120(𝜌200) − 113.619810(𝐺𝑠𝑒) + 10.205560(𝐸𝑒)
0.582060  (5.6) 
5.4 Evaluation of Rut Predictive Model 
As stated earlier, non-linear regression technique was employed to fit the HWTD data. 
However, the assessment of a non-linear fitting is contingent on the statistical evaluation 
and optimization of the curve fitting. The fundamental goal of this type of fitting process 
is to diminish the error from the fitted function by comparing the fitted data to the actual 
data for the same input conditions. Optimization process comprises the determination of 
regression coefficients in such a way that the developed equation provides minimal error 
when the fitted and observed data are related. To determine the level of accuracy of the 
HWTD data fitting, a statistical valuation called “goodness of fit” is applied in this study. 
To determine this form of measure, the estimated values obtained from the predictive 
model were compared to laboratory tested data at identical input settings. Generally, two 
statistical parameters are required to be assessed for defining the goodness of fit. The 
parameters considered are the coefficient of determination (R2) and the ratio of the standard 
error (Se) to the standard deviation (Sy). The mathematical representation of the specified 
statistical factors can be given as: 
    𝑅2 = 1 −
(𝑛−𝑝−1)𝑆𝑒
2
(𝑛−1)𝑆𝑦
2                    (5.7) 
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𝑆𝑒 = [
1
𝑛−𝑝−1
∑ (𝑥?̂? − 𝑥𝑖)
2𝑛
1 ]
1
2
                    (5.8) 
𝑆𝑦 = [
1
𝑛−1
∑ (𝑥𝑖 − ?̅?)
2𝑛
1 ]
1
2
                    (5.9) 
𝑅𝑀𝑆𝐸 = [
∑ (𝑥?̂?−𝑥𝑖)
2𝑛
1
𝑛
]
1
2
                              (5.10) 
In the above expressions, 𝑥?̂? and 𝑥𝑖 denotes the predicted and observed data, respectively. 
?̅? signifies the averaged value of the observed data set, n is the number of data points used 
in the fitting process, and p is the number of fitting parameters. With respect to “goodness 
of fit”, a relatively good fitted model would demonstrate a higher R2 (close to 1) and a 
smaller Se/Sy less than 1 and close to 0. On the other hand, RMSE expressed in percentage 
provides an idea regarding the expected error from the fitted model. 
To demonstrate the level of accuracy of the model, Figure 5.3 shows a typical HWTD rut 
depth plot of AC mix 11 in contrast to the predicted data fitted by the revised |E*|-based 
rut model. The curve fitting has a R2 value of 0.981, which is very close to 1.  This particular 
example also shows a small Se/Sy value of 0.14. Moreover, the RMSE was found to be 
13.24%, indicating the maximum level of error which can be expected when the rut depths 
are estimated through the use of the model. Therefore, this particular case signifies that the 
HWTD test data of AC mix 11 fitted very well by the rut predictive considering the 
“goodness of fit” valuation.  
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Figure 5.3 Typical |E*|-based Rut Model Fitting of HWTD Data for AC Mix 11. 
Figure 5.4(a), 5.4(b), and 5.4(c) shows the comparison of tested data with fitted data for 
mixtures 15, 23, and 24. Despite demonstrating high R2 values close to one and small Se/Sy 
values, the model is incapable of modeling the stripping behavior experienced by the 
mixtures in actual testing conditions. 
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(b)  
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Figure 5.4 Fitted Rut Data in Comparison to Tested Data for Mixes 15, 23, and 24. 
The HWTD test data of all other mixtures were fitted using equation 5.1 and the values of 
the fitted statistics are summarized in Table 5.2. On the contrary, it was observed that the 
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the overvalued rut depths of mixtures 2, 6, and 20. It is worth noting that the asphalt binders 
of mixtures 2 and 20 were warm mix modified through the addition of foaming technology 
and chemical additive Cecabase RT®, respectively. In addition to the WMA modification 
involved in mixture 20, the binder was enhanced with polymer modifiers, thus resulting in 
its high rutting resistance of 2.44 mm accumulated permanent deformation based on 
HWTD results. This cases signify that the overestimation of rut may be due the lack of 
consideration of the effects of binder enhancement agents to rutting performance. All other 
remaining mixtures plot of fitted rut data in contrast to actual rut data in shown in Figure 
5.6 found in Appendix-B.  
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Figure 5.5 Fitted Rut Data in Comparison to Tested Data for Mixes 2, 6, and 20. 
Figure 5.7 shows the observed HWTD rut depth versus predicted rut depth for all the 
mixtures. For comparison purposes, a Line of Equality (LOE) was included in the plot. The 
developed |E*|-based rut model has a moderately good coefficient of determination (R2 = 
0.560) and a small Se/Sy value of 0.663. The data points are around the LOE without any 
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significant bias, except at regions located in higher wheel passes, where the amount of bias 
is relatively larger compared to the regions associated to the post-compaction slope and 
mid-range of the creep slope. However, considering the variations existing between the AC 
specimens (i.e. binder PG, aggregate material, RAP fraction, etc.), it can be postulated that 
the rutting model presented in this chapter provides a fairly good prediction of rut 
deformation characteristics of AC materials. 
 
Figure 5.7 Comparison of Predicted vs. Observed HWTD Rut Results. 
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CHAPTER 6 
BINDER TESTING RESULTS AND ANALYSIS 
This section assesses the impact of using WMA technology on the mechanical and 
rheological performance of AC mixtures.  
6.1 HWTD Results of SPS-10 Pavement Test Sections 
The HWTD results are analyzed based on maximum rut depth and SIP to predict rutting 
and stripping potential, respectively. Furthermore, creep slope and post compaction slope 
were also analyzed to compare initial densification and rate of deformation. Figure 6.1 
shows HWTD analysis of four WMA and control HMA samples. In HWTD procedure, the 
average rut depth values of four test replicates has been taken as the representative rut depth 
of each mixture. 
 
Figure 6.1 HWTD Results for Control HMA and WMA Modified Pavement Sections. 
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mode has a representative post-compaction slope and creep slope. However, no SIP was 
observed, signifying no occurrence of moisture damage. Results show a significant 
reduction in permanent deformation with Cecabase®+ (2.44 mm)  in comparison to control 
HMA (4.72 mm) However, between the two Cecabase mixtures, Cecabase® without 
polymers exhibited a slightly higher rut depth (3.59 mm) than its counterpart. As detailed 
in Table 3.2, Cecabase®+ is polymerized, resulting in a stiffer mixture than the mixture 
with standalone modification of Cecabase®. This particular case demonstrates the impact 
of linking warm mix additives with polymers.   
In addition to laboratory rut measurements, field rut values of these pavement test sections 
were recorded, using a Laser Crack Measurement System (LCMS), for two years of service 
life with respect to post construction phase. It was observed that the field rut values 
recorded in the 1st year of service aligned closely with HWTD rut values measured at 1,000 
wheel passes for the control HMA, Terex® foaming, and Evotherm® compacted specimens. 
However, field rut values recorded for the AC mixtures modified with Cecabase® indicated 
drastically higher values in comparison to their laboratory compacted counterparts. With 
respect to the overall field performance of the mixtures against rutting, control HMA 
demonstrated highest rutting resistance with an accumulated rut of 1.78 mm over the course 
of two years. On the other hand, the mixture incorporated with Cecabase® polymerized 
binder exhibited the worst rutting performance among the test group, with an accumulated 
rut of 2.67 mm over the span of its service life. This results show a conflicting performance 
behavior in comparison the rut values obtained from HWTD testing. Also, it was noticed 
that the 1st year results for the Cecabase® modified mixtures present a higher field rut value 
compared to the results obtained in the 2nd year results. The possible outcome of this trend 
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might be due to possible error in data acquisition by the service contractor, where the 
operating vehicle attached with the pavement profiling device may have wheel wandered. 
This occurrence may attributed to the fluctuation of field rut results perceived in the two 
years of service life.   
According to Figure 6.2, a similar trend was also observed for rut depth measurements at 
10,000 number of wheel passes with slightly lower values compared to values retrieved 
from 20,000 wheel passes. It can be inferred from Figure 6.3(b) that as rut depth increases, 
post-compaction slope decreases. Creep slope of these mixtures also follows this similar 
trend. Since, there is no stripping slope or thereby no SIP found in this study, all mixtures 
have sufficient moisture damage resistance. The adequate moisture susceptibility 
resistance observed may be attributed to the incorporation of 1% versabind® in these 
mixtures; a well-known anti-stripping agent. 
 
 
Figure 6.2 Rut Depth Measurements Observed at 10000 and 20000 Wheel Passes. 
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(b) 
 
Figure 6.3 Post-compaction and Creep Slopes of Mixtures Studied. 
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technology combined with polymer modifiers significantly decrease the rutting 
susceptibility of an asphalt mixture. With regards to asphalt mixture fabricated with the 
foaming process, results show an improvement ratio of 0.35 with respect to control HMA, 
which falls second to the enhancement features of Cecabase®+. Among the four mixtures, 
the addition of Evotherm® shows the least improvement ratio of 0.15. 
 
Figure 6.4 Rutting Resistance Improvement Ratio Based on HWTD. 
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to 11.70 kPa for control HMA. Out of the four additives, results show that the addition of 
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Cecabase®+ to be the most effective in enhancing the binders’ rutting resistance followed 
by Terex® foaming, Evotherm®, and Cecabase® without polymer modifiers. Based on the 
simple regression analysis (Figure 6.5(b)), a good correlation of R2 = 0.913 was observed 
between rut depth values measured at 20,000 wheel passes and Superpave® rutting 
parameter.  
As shown in Figure 6.6, the trend of rutting resistance improvement ratio indicates the 
effects of warm mix additives and recycled materials on the anti-rutting ability of the 
asphalt binders, where the highest rutting resistance improvement ratio of 6.85 was 
observed for the mixture modified with warm mix additive of Cecabase®+ (polymerized). 
However, the addition of only Cecabase® saw a slight improvement ratio of 0.70. Again, it 
can be said that the influence of polymer modifiers in significantly decreasing the rutting 
susceptibility of an asphalt mixture is evident. With regards to asphalt mixture fabricated 
with the foaming process, results show an improvement ratio of 1.38 with respect to control 
HMA, which falls second to the enhancement features of Cecabase®+. However, the 
improvement ratio for Evotherm® shows a slightly enhanced performance in comparison 
to Cecabase®. This results reflect an opposite trend to the results determined in the HWTD 
results.  
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Figure 6.5 G*/sinδ Results of Extracted Binders. 
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Figure 6.6 Rutting Resistance Improvement Ratio Based on G*/sinδ.  
 
6.3 Shenoy Parameter – Rutting Resistance 
As shown in Figure 6.7(a), the extracted binder properties were evaluated through 
Shenoy’s rutting parameter (G*/(1-(1/tanδsinδ))). The trend of both the Superpave and the 
Shenoy’s rutting parameter values and improvement ratio are found to be similar. This is 
due to the fact that the estimation of Shenoy’s parameter is based on G* and δ values 
determined from the frequency-temperature sweep test, which were also used for 
calculating the Superpave rutting parameter. However, based on the simple linear 
regression analysis shown in Figure 6.7(b), a slightly lower correlation of R2 = 0.873 was 
observed in comparison to Superpave rutting parameter. G*/(1-(1/tanδsinδ)) value for 
binders with Terex® foaming, Evotherm®, Cecbase®, and Cecabase®+ were found to be 
approximately 41.72, 29.58, 27.39, and 242.28 kPa, respectively, compared to 15.58 kPa 
for control HMA. Higher rutting resistance values were estimated compared to Superpave 
rutting parameter, thus classifying the Superpave rutting parameter as a more conservative 
approach for evaluation purposes.  
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(b) 
Figure 6.7 Shenoy Parameter Results of Extracted Binders. 
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Figure 6.8 Rutting Resistance Improvement Ratio Based on Shenoy Parameter. 
 
6.4 ZSV – Rutting Resistance 
Based on the binder evaluation through ZSV method, mixtures with the presence of warm 
mix additives attained improved rutting resistance. As shown in Figure 6.9(a), the addition 
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compared to control HMA. The effects of polymerization of Cecabase®+ exhibit a 
profound increase in the ZSV estimation of rut resistance in comparison to the other three 
modification types. The ZSV value for the mixture modified through foaming was found 
to be 10 kPa·s, indicating the second highest rutting resistance. Lastly, it was found that 
Cecabase® (5.6 kPa·s) performed slightly better than Evotherm® (5.3 kPa·s). Based on the 
simple linear regression analysis, ZSV presents the lowest correlation of R2 = 0.860 in 
comparison to the other three binder evaluation approaches. However, this measure still 
provides a good degree of relationship with HWTD results. 
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(b) 
Figure 6.9 ZSV Results of Extracted Binders. 
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Figure 6.10 Rutting Resistance Improvement Ratio Based on ZSV. 
6.5 MSCR – Rutting Resistance 
Figures 6.11(a) and 6.11(b) shows the Jnr and % Recovery values for control HMA and 
WMA modified binders. The Jnr value of control HMA was found to be 0.59 kPa
-1. The Jnr 
values of the extracted binders with Terex®, Evotherm®, Cecabase®, and Cecabase®+ was 
found to be 0.15, 0.46, 0.23, and 0.02, respectively, indicating lower Jnr in comparison to 
control HMA, hence increased rut resistance. The % Recovery value of the control sample 
was found to be 13.47. The % Recovery values of the extracted binders with the presence 
of Terex®, Evotherm®, Cecabase®, and Cecabase®+ was found to be 32.58, 18.14, 23.71, 
and 77.54, respectively, indicating higher % Recovery in comparison to control sample, 
hence increased rut resistance.  
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(b) 
Figure 6.11 Rutting Parameters Obtained from MSCR Tests. 
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concluded that these results are indicative of polymer modifiers which provided significant 
enhancement to the rutting resistance of the mixture. As shown in Figure 6.12(a) and 
6.12(b),  simple linear regression analyses were performed between the two parameter 
results obtained from this test method in contrast to HWTD, a correlation value of R2 =  
0.965 and R2 = 0.771 were found for Jnr and % Recovery, respectively. Hence, indicating 
the non-recoverable creep compliance (Jnr) parameter as a reliable measure when it comes 
to evaluating rutting resistance. Lastly, Figure 6.13 shows the rutting resistance 
improvement ratio of the WMA modifiers with respect to both parameters. 
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(b) 
Figure 6.12 Simple Regression Analyses of MSCR Parameters with Respect to HWTD. 
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(b) 
Figure 6.13 Rutting Resistance Improvement Ratio Based on MSCR Parameters. 
6.6 Comparison of Different Rutting Parameters 
Table 6.1 shows the rut resistance ranking of the extracted binders based on the examined 
rheological parameters. The rank was numbered from 1-5, where rank 1 represents the 
highest rut resistance, and rank 5 indicates the binder with the lowest rutting resistance. It 
can be observed that all four rheological parameters ranked the binder modified with 
Cecabase® and polymers with the highest rutting resistant characteristics. Likewise, the 
control sample was ranked 5 across the board, thus indicating the lowest rut resistance.  
Table 6.1 Rutting Resistance Ranking of Binders Based on Different Parameters with 
Respect to HWTD 
Asphalt Binders 
Rutting Parameters  
HWTD 
G*/sinδ 
(kPa) 
G*/(1-(1/tanδsinδ))  
(kPa) 
ZSV  
(kPa·s) 
Jnr  
(kPa-1) 
%R 
Control 5 5 5 5 5 5 
Terex® Foam 2 2 2 2 2 2 
Evotherm® 3 3 4 4 4 4 
Cecabase® 4 4 3 3 3 3 
Cecabase®+ 1 1 1 1 1 1 
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It can be observed that the rutting resistance order for the modifiers are almost identical 
among the four parameters, however this doesn’t hold completely true for the warm mix 
additives of Evotherm® and Cecabase® unmodified. In the case of the G*/sinδ and G*/(1-
(1/tanδsinδ)) parameters, despite the Superpave parameter and the Shenoy parameter 
having similar ranking results, two additives examined under the specified measures 
indicate an opposite trend with respect to ZSV, Jnr, and HWTD ranking results. Overall, 
the results show that ranking of rutting potential of binder depends on the rheological 
parameters and types of additives used. Thus, it can be said that binder’s rutting 
susceptibility ranking might vary based on the Superpave and other rheological rutting 
parameters. As the Jnr parameters showed an approximate correlation of R
2 = 0.965 with 
HWTD results, this may be deemed as a reliable rut parameter due to its realistic test 
conditions and potential to capture behavior of binders under loading and unloading states. 
In the absence of Jnr parameter, the Superpave parameter may still be deliberated as reliable 
rut parameter due to the circumstance of having a strong correlation with HWTD results 
based on the simple linear regression analysis (R2 = 0.913). 
Based on the Jnr values, the order of rut resistance for the extracted binders can be seen as 
Cecabase®+ > Terex® Foam > Cecabase® unmodified > Evotherm® > Control. This 
representation shows that any form of modification performed to an asphalt mixture 
resulted in improved rutting resistance compared to the control HMA sample. With 
disregard to the polymer modification of the binder containing warm mix additive of 
Cecabase®, the binder that was processed with Terex® foaming showed better rut resistance 
followed by Cecabase® and Evotherm®. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
Several conclusions can be drawn based on the analyses of test results discussed in the 
preceding chapters. The conclusions are as follows: 
 Based on the overall rankings of HWTD results, it was observed that stiffer binders 
play a role in hindering the SIP development within a mixture. However, no clear 
relationship between percent air voids and maximum rut depths of AC samples was 
established. On the contrary, the overall rankings of mixtures E* values at high 
temperature range suggest that mixes with higher fractions of RAP tend to have 
higher E* values, signifying a mixture’s ability to resist rutting. 
 A modified |E*|-based rutting performance predictive model is developed in this 
study, which was based on HWTD rut depth data of 25 AC mixtures typically found 
in New Mexico. The developed model utilizes LVE creep compliance function as 
a direct input, which can be generated from complex modulus function of asphalt 
concrete through numerical interconversion method. The model possesses fairly 
good statistics based on the “goodness of fit” valuation, where a moderately good 
coefficient of determination (R2 = 0.560) was observed. Also, taking into account 
the complexities involved in characterizing asphalt concrete material, the rutting 
model provides a fairly good prediction of rut deformation when compared to actual 
data. 
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 Based on the comparison of various rheological rut parameters for binders extracted 
from SPS-10 pavement mixtures, it can be seen that the trend of rutting resistance 
improvement ratio is identical among the HWTD, MSCR, and ZSV, but differ from 
the results obtained from the Superpave and Shenoy rutting parameter. Different 
rutting resistance improvement ratios, obtained from the five employed approaches, 
make it difficult to judge about the effect of the modification of Evotherm® and 
Cecabase® on the anti-rutting ability of asphalt binders. Based on the tested 
rheological parameters, it was observed that non-recoverable compliance (Jnr) 
value obtained from the MSCR test exhibited superior correlation with HWTD (R2 
= 0.965) compared to the other methods. 
 Incorporation of polymer modifier into Cecabase® WMA mixture demonstrated 
enhanced rutting resistance among the SPS-10 pavement test sections. WMA with 
foamed asphalt, Cecabase®, and Evotherm® performed better than Control HMA 
with regards to rutting performance. No presence of stripping phase were found in 
the HWTD evaluation of these mixtures; indicating adequate moisture damage 
resistance. As anti-stripping additives are utilized in asphalt concrete to increase 
the physio-chemical bond between the binder-aggregate system, the addition of 
versabind® may have attributed to the improvement of rutting resistance and 
reduction in moisture related damage because of their distinct stiffening effects and 
enhancing characteristics of aggregate-asphalt bonding. It can also be delineated 
that the inclusion of RAP may have enriched the stiffness properties of the binders 
in combination with the presence of an anti-stripping agent. 
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7.2 Recommendations 
 With regards to assessment of anti-rutting abilities of warm mix modified asphalt 
binders, it is recommended to conduct an alternative study to evaluate the effects 
of higher percentages of RAP content. In addition, if the opportunity presents itself, 
the evaluation of the effects of warm mix additives utilized on the SPS-10 pavement 
sites on varying binder performance grades and gradation will provide good insight 
in evaluating the impact of WMA technology. 
 Since the majority of the mixes collected for the purpose of this study have been 
constructed within the past two years and marked relatively new, the mechanistic-
empirical pavement design guide (MEPDG) software can be used to examine the 
predicted long-term rutting performance of these New Mexico pavements. The 
pavement field condition can be compared with corresponding laboratory 
performance results, evaluating whether predicted performance from the MEPDG 
simulations experience similar trends of rutting performance in the laboratory. 
Dynamic modulus and rheological data can be used as input parameters within the 
software, which will use preset program models to predict pavement distresses 
based on both local environmental and loading patterns. Concerning WMA mixes, 
the pavement performance predictions based on mixture performance data 
compared with the actual pavement performance will help to show potential areas 
of concern for warm mix technologies. 
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APPENDIX– A: 
CORRELATION OF AC FIELD RUTTING PERFORMANCE WITH 
LABORATORY RESULTS 
This chapter is dedicated to present the rationale approach taken to establish a relationship 
between AC field performance and the HWTD test results. The specific objective of this 
study is to evaluate the capability of the HWTD test to predict field performance by use of 
laboratory test results and field rut surveyed data. 
A.1 Field Rutting Performance vs. Laboratory Rutting Performance 
As previously mentioned, the HWTD is empirical in that its results are not used as a 
primary input variables in MEPDG pavement analysis software. A benefit of the test is that 
AC samples are subjected with dynamic loading during the conditioning process, which is 
presumed to simulate field conditions. However, a common condition for empirical tests 
to be considered reliable, extensive field rutting performance data are essential to calibrate 
the test method and correlate laboratory test results with field performance. Even though 
the HWTD has been gaining popularity and wide acceptance by some state highway 
agencies as a fast and reliable method to evaluate the rutting potential and moisture 
sensitivity of asphalt concrete mixtures, studies that correlate laboratory test results with 
field performance are very limited and not well established. The capability of this device 
to predict field performance therefore has not been sufficiently validated.  
According to a study conducted by Lu and Harvey (2006), which comprised of comparing 
HWTD test results with field-cored samples from 63 California pavement sections aged 
between 4 and 8 years of age, it was observed that laboratory results were incapable of 
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clearly distinguishing sections with different field performance. Based on their analysis, 
both false and false negative results may occur where sections that performed well in the 
field showed good performance in the HWTD, but a few sections that performed poorly in 
the field also performed well in the HWTD. It was also observed that the potential 
weakness of this research is that the samples were taken from in-service pavements instead 
of from newly constructed pavements sections, this process might have likely added 
variations to the mix properties primarily due to the impacts of traffic loading, aging, and 
climate change. 
Aschenbrener et. al (1994)  conducted the first validation study of this method’s 
relationship with moisture susceptibility. This involved the collection of field cored AC 
samples from 20 pavement project sites in the State of Colorado, where samples experience 
varying climatic patterns and consists of a wide variety of binder performance grades used. 
The test standard followed was Colorado Procedure L-5112 (2002), which involved the 
testing of AC samples according to the temperature that represents the environment in 
which it was placed. With this slight deviation from conventional HWTD configuration of 
testing mixes at one temperature to simulate many different climate, HWTD results were 
compared with known field performance in terms of stripping. Research findings indicated 
that stripping inflection point and stripping slope generally distinguished between good 
and poor rutting performance of a mixture.  
Lastly, a joint study conducted by the FHWA and Virginia Transportation Research 
Council (Williams and Prowell 1999) evaluated the ability of three loaded wheel testers 
(LWTs) to predict rutting performance on AC mixtures placed at the full-scale pavement 
study WesTrack. The LWTs considered were the Asphalt Pavement Analyzer (APA), 
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French Rut Tester (FRT), and HWTD for this extensive evaluation. The scope of this study 
involved the evaluation of field performance data from 10 WesTrack pavement test 
sections comprising with varying binder content and air void percentages. Based on the 
data and analyses, it was found that the three devices examined provided a strong 
relationship with permanent deformation of the WesTrack sections studied. The HWTD 
had highest correlation of R2 = 0.91, followed by the APA (R2 = 0.90) and FRT (R2 = 0.83).  
A.2 Pavement Distress Survey Plan 
Each of the mixes evaluated in this study have physical pavement locations in New Mexico, 
which allows for the survey of annual pavement conditions. As the primary interest of this 
research aspect, the data collected from these surveys will be used to compare the rutting 
performance of each pavement test section to determine the relationship between HWTD 
test results and field rutting performance of asphalt mixes by use of both laboratory test 
and field performance data on a large scale. Assessing the evidence collected from this 
effort will indicate whether an acceptable correlation between laboratory-induced rutting 
and actual field rutting can be established.  
A.3 Pavement Profiling System for High-Speed Rut Measurement 
Rutting data was collected from NMDOT’s Pavement Management System (PMS) 
database.  The annual collection of automated data of pavement rut depth in interstate and 
other highway routes in New Mexico is performed by Mandli Communications®. As shown 
in Figure A.1, the collection protocol involves the use of Laser Crack Measurement System 
(LCMS) for 3D pavement profiling applications. This device can be fitted to full-sized 
vehicles to measure the pavement profiles at traffic speed. The LCMS is equipped with 
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high-speed cameras, custom optics, and laser line projectors to acquire road profiles in both 
2D and 3D resolutions. The two laser profilers used in this system, capable of acquiring 
full 4-meter width profiles of a highway lane at normal traffic speeds, digitizes more than 
4,000 transverse pavement profile points and calculates rutting in real-time on board the 
data collection vehicle. Once collection is completed, data is then entered through 
RoadAnalyser™ software application, which processes and reports the rutting and 
transverse profile information. These filtered rut depth data are then transferred to the 
possession of NMDOT, where it is stored within PMS framework as “raw data” files at 
user-defined intervals of 0.5, 1, 2, or 3 ft. Using the raw data, the rut depth is currently 
averaged and reported every 161 m (0.1 mile). 
 
Figure A.1 Mandli Communications® Rut Detection Protocol Using LCMS.  
 
A.4 Automated Rut Depth Measurements 
As mentioned earlier, field rutting data were extracted from NMDOT’s PMS database for 
each respective AC mixture considered in this study. From the “raw data” files, the rut 
depth is currently averaged and reported for every roadway length of 161 m (0.10 mile). 
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Since most of the pavements were constructed during 2012 and onwards, these pavements 
are marked relatively new. Figure A.2 shows the AC mix 1 rut depth measurements for 
two years of service life since pavement construction. This data was recorded from 17.1-
mile long highway pavement section of Interstate 25 located in Sierra county of New 
Mexico.   
No particular trend of uniform and cumulative rut deformation was observed throughout 
the service years of the pavement. Figures A.1(a) and A.1(b) depict almost parallel rut 
depth profiles for 1st and 2nd year of service, accounting no significant accumulated 
permanent deformation expected from heavy distribution of traffic loading across the 
pavement surface over the duration of a year. Also worth noting, rut depth measurements 
of 0 mm were observed at varying mile post intervals within the two years of service life. 
This inaccuracy in data collection might be associated to potential wheel wandering of the 
measurement vehicle within the lane while traveling, resulting in the movement of the 
wheel path measurement sensors out of the actual rut tracks. Another source of inaccuracy 
may be due to human error, where the pavement profiling device operator may have not 
used the same data acquisition reference points corresponding to the preceding years, 
leading to discrepancies in the data measurements collected. 
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(a)  
 
 
(b) 
Figure A.2 Mix 1 Field Rut Data for Two Years of Service Life, Respectively. 
 
A.5 Outlier Detection 
Based on the presentation of rut depth measurements collected for Mix 1, the “raw data” 
files for mixes 1 through 25 contained outliers that have unusually large or small values 
when compared with others in the data sets. The first aspect to note is that outliers cause a 
0
1
2
3
4
5
65 70 75 80 85 90 95
R
u
t 
D
ep
th
 (
m
m
)
Mile Post
0
1
2
3
4
5
65 70 75 80 85 90 95
R
u
t 
D
ep
th
 (
m
m
)
Mile Post
121 
 
negative impact on data analysis. Osborne and Overbay (2004) briefly characterized the 
detrimental effects of outliers on statistical analyses: 
 Outliers generally serve to increase error variance and reduce the power of 
statistical tests. 
 They can seriously bias or influence estimates that may be of substantive interest.  
In order to mitigate the effects of outliers towards the correlation inquiry, the interquartile 
range (IQR) rule for outlier detection was employed and analyses were performed through 
Microsoft Excel™. This analysis technique is used to examine the distribution of the data 
sets. This process involves the calculation of Q1 (25
th percentile), Q3 (75
th percentile), and 
the IQR (Q3 – Q1). Data variables that are found to be 1.5*IQR  greater than Q3 or 1.5*IQR 
below the Q1 are classified as outliers and eliminated from further statistical assessments. 
Variation in the data increases as the IQR increases (Seo 2006). On the other hand, data 
that fall inside the limits established by the IQR rule are then averaged and reported as 
representative field rut data for each respective AC mixture.  
The field rut performance values of all 25 mixtures for each corresponding service year are 
summarized in Table A.1. In addition, HWTD rut depth data for wheel pass levels 5,000, 
10,000, 15,000, and 20,000 are also listed in the table. 
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  Table A.1 Field AC Rut Data with Respect to Pavement Service Life and HWTD Rut 
Mix Code 
Construction 
Date 
Pavement Rut Profile (mm) HWTD Wheel Pass Rut Depth (mm) 
1st year 2nd year 3rd year 4th year 1000 5000 10000 15000 20000 
M-01 09/13/14 2.21 2.23     1.04 1.68 2.03 2.35 2.56 
M-02 12/05/14 1.81 1.69     1.10 1.50 1.80 2.10 2.28 
M-03 10/19/12 3.25 1.56 1.42 1.90 1.49 2.58 3.32 3.80 4.16 
M-04 05/02/13 2.36 2.79   3.23 0.91 1.26 1.49 1.65 1.81 
M-05 09/04/14 0.73 2.62     1.09 1.79 2.24 2.56 2.92 
M-06 03/25/14 1.53 2.63     1.10 1.54 1.73 1.84 1.99 
M-07 08/21/15 2.55       1.28 1.86 2.17 2.43 2.63 
M-08 04/23/15 1.52       1.31 2.08 2.51 2.76 3.02 
M-09 09/30/15         1.31 1.99 2.64 3.05 3.40 
M-10 08/11/14 2.43 2.57     1.32 2.35 2.92 3.33 3.70 
M-11 06/01/16         2.25 3.27 3.85 4.60 5.47 
M-12 07/09/16 4.36       1.56 2.36 2.77 2.96 3.27 
M-13 07/15/13   1.53 2.10   1.40 1.98 2.19 2.38 2.51 
M-14 07/08/15 2.31       1.69 2.70 3.63 4.45 5.02 
M-15 05/23/16         2.23 3.41 4.15 5.16 6.34 
M-16 10/21/14 1.52 1.78     1.77 2.87 3.42 4.08 4.72 
M-17 10/24/14 1.91 2.41     1.60 2.23 2.58 2.86 3.07 
M-18 10/27/14 1.78 2.54     2.00 2.90 3.48 3.76 3.99 
M-19 10/30/14 2.67 2.03     1.50 2.26 2.85 3.23 3.59 
M-20 11/03/14 2.79 2.67     0.90 1.40 1.80 2.12 2.44 
M-21 04/27/13 1.94 2.02 2.47   1.61 2.24 2.78 3.21 3.46 
M-22 11/06/14 2.42 2.75     1.34 1.95 2.30 2.53 2.84 
M-23 05/26/16         1.81 2.48 3.07 3.91 5.85 
M-24 06/31/16         2.14 3.12 3.67 4.18 5.63 
M-25 11/02/15         1.74 2.46 2.73 3.02 3.20 
Note: 
   Data Missing for Pavement Service Year           
   Data Unavailable for Analysis           
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A.6 Correlation of Field Performance with HWTD Test Results 
The results of field rutting performance and observed HWTD data were correlated using a 
Pearson r correlation for various conditions. In Table A.2, the Pearson’s correlation 
between rut values obtained from different HWTD wheel pass levels and field rutting 
performance data for corresponding years of pavement service life is shown.  
    Table A.2 Pearson’s Correlation Coefficients 
    HWTD Wheel Passes 
Pavement Rut 
Profile (mm) 
1000 5000 10000 15000 20000 
1st Year 0.103 0.463 0.144 0.162 0.225 
2nd Year 0.073 -0.066 -0.016 0.037 0.244 
3rd Year 0.216 -0.168 -0.028 0.091 0.420 
4th Year -0.070 -0.028 -0.095 -0.193 -0.362 
 
The analysis of the correlation coefficients shows that only the pavement rut profiles 
recorded in the 1st year of service life has a moderate relationship with rut depth values 
measured in the 5,000 HWTD wheel pass (r = 0.463). Despite observing r values indicative 
of moderate relationship for 20,000 HWTD wheel pass and the 3rd year (r = 0.420) and 4th 
year (r = -0.362) of pavement service life, the results obtained cannot be considered as 
reliable measures of the linear correlation between the parameters under investigation due 
to the low amount of data points collected for analysis as shown in Table A.1. 
As mentioned in section A.4, the inaccuracy in data collection may have affected the 
outcome of the correlation, where the potential wheel wandering of the measurement 
vehicle within the lane while traveling may have lead the wheel path measurement sensors 
out of the actual rut tracks. A discussion with a NMDOT data management officer 
confirmed the claim where the pavement profiling device operator from Mandli® 
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communications may have not used the same data acquisition reference points for 
measuring field rut, which may have contributed to the discrepancies in data analyzed. 
Lastly, field pavements experience varying environmental and traffic loading effects 
compared to the controlled conditions laboratory tested samples are subjected to.  
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APPENDIX – B: FIGURES 
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(c) 
 
 
(d) 
 
Figure 3.1 Gradation Curves for Mixes with SP-III Aggregate Blends. 
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Figure 3.2 Gradation Curves for Mixes with SP-IV Aggregate Blends. 
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(y) 
Figure 4.1 HWTD Test Replicates and Results for Mix 1 – 25. 
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Figure 5.6 Fitted Rut Data in Comparison to Tested Data for Remaining Mixes. 
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APPENDIX – C: TABLES 
Table 3.4 Prony Series Coefficients for Storage Modulus – AC Mix 1 
ρi Ei 
1.00E-07 4.13E+02 
1.00E-06 6.72E+02 
1.00E-05 1.03E+03 
1.00E-04 1.10E+03 
1.00E-03 1.28E+03 
1.00E-02 1.08E+03 
1.00E-01 8.34E+02 
1.00E+00 5.14E+02 
1.00E+01 2.61E+02 
1.00E+02 1.29E+02 
1.00E+03 6.15E+01 
  
Ee         = 8.84E+01 
 
Table 3.5 Prony Series Coefficients for Creep Compliance – AC Mix 1 
τj Dj 
1.06E-07 7.65E-06 
1.10E-06 1.45E-05 
1.19E-05 2.90E-05 
1.25E-04 4.56E-05 
1.42E-03 9.34E-05 
1.55E-02 1.73E-04 
1.76E-01 3.63E-04 
1.93E+00 7.80E-04 
1.94E+01 1.54E-03 
1.88E+02 2.87E-03 
1.78E+03 5.26E-03 
  
Dg        = 1.34E-04 
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Table 4.1 Summary of HWTD Results for Mixes 1 - 25 
    HWTD Wheel Passes, Rut (mm)           
 
Mix 
Code 
Binder 
Performance 
Grade (PG) 
1000  5000 10000 15000 20000 
AV 
(%) 
PCS CS SS SIP 
ANOVA 
(p-value) 
M-01 76-22 1.04 1.68 2.03 2.35 2.56 6.17 971 18,524 N/A N/A 0.0702 
M-02 76-22 (Foam) 1.10 1.50 1.80 2.10 2.28 5.32 953 13,879 N/A N/A 0.1063 
M-03 76-22 (Foam) 1.49 2.58 3.32 3.80 4.16 5.85 693 8,512 N/A N/A 0.4274 
M-04 76-22 0.91 1.26 1.49 1.65 1.81 5.61 1,184 26,219 N/A N/A 0.0508 
M-05 70-22 (Foam) 1.09 1.79 2.24 2.56 2.92 6.29 913 18,168 N/A N/A 0.0826 
M-06 70-22 1.10 1.54 1.73 1.84 1.99 6.35 945 19,811 N/A N/A 0.4082 
M-07 76-22 1.28 1.86 2.17 2.43 2.63 5.48 806 21,418 N/A N/A 0.2120 
M-08 76-22 (Foam) 1.31 2.08 2.51 2.76 3.02 5.66 810 15,692 N/A N/A 0.6867 
M-09 70-22 1.31 1.99 2.64 3.05 3.40 5.38 824 12,747 N/A N/A 0.1145 
M-10 76-22 (Foam) 1.32 2.35 2.92 3.33 3.70 5.04 756 10,671 N/A N/A 0.5286 
M-11 70-22 2.25 3.27 3.85 4.60 5.47 5.30 474 8,725 N/A N/A 0.1427 
M-12 76-22 (Foam) 1.56 2.36 2.77 2.96 3.27 6.26 766 9,886 N/A N/A 0.1830 
M-13 70-22 (Foam) 1.40 1.98 2.19 2.38 2.51 6.11 759 27,244 N/A N/A 0.4261 
M-14 64-28 (Foam) 1.69 2.70 3.63 4.45 5.02 5.89 613 11,955 N/A N/A 0.5464 
M-15 64-28 (Foam) 2.23 3.41 4.15 5.16 6.34 6.78 540 5,476 4,174 10,200 0.7719 
M-16 76-22 1.77 2.87 3.42 4.08 4.72 5.85 677 8,929 N/A N/A 0.9300 
M-17 76-22 (Foam) 1.60 2.23 2.58 2.86 3.07 5.70 640 7,224 N/A N/A 0.5376 
M-18 76-22 (Evo) 2.00 2.90 3.48 3.76 3.99 5.99 511 9,359 N/A N/A 0.7953 
M-19 76-22 (Ceca) 1.50 2.26 2.85 3.23 3.59 6.70 837 11,387 N/A N/A 0.9735 
M-20 
76-22+ 
(Ceca) 
0.90 1.40 1.80 2.12 2.44 6.73 1,171 17,494 N/A N/A 0.5095 
M-21 76-22 (Foam) 1.61 2.24 2.78 3.21 3.46 6.55 696 20,898 N/A N/A 0.5224 
M-22 64-28 1.34 1.95 2.30 2.53 2.84 5.74 743 14,029 N/A N/A 0.2183 
M-23 70-22 1.81 2.48 3.07 3.91 5.85 5.53 712 9,438 2,224 13,050 0.2090 
M-24 70-22 2.14 3.12 3.67 4.18 5.63 6.40 540 7,475 3,602 14,200 0.4242 
M-25 70-22 1.74 2.46 2.73 3.02 3.20 5.48 706 14,855 N/A N/A 0.0515 
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Table 4.3 Ranking of Mixes by Post-Compaction Slope 
Rank Mix ID Binder Grade (PG) 
Max 
Rut 
(mm) 
PCS         
(passes/mm) 
CS 
(passes/mm) 
1 M-04 76-22 1.81 1,184 26,219 
2 M-20 76-22+ (Cecabase) 2.44 1,171 17,494 
3 M-01 76-22 2.56 971 18,524 
4 M-02 76-22 (Foam) 2.28 953 13,879 
5 M-06 70-22 1.99 945 19,811 
6 M-05 70-22 (Foam) 2.92 913 18,168 
7 M-19 76-22 (Cecabase) 3.59 837 11,387 
8 M-09 70-22 3.4 824 12,747 
9 M-08 76-22 (Foam) 3.02 810 15,692 
10 M-07 76-22 2.63 806 21,418 
11 M-12 76-22 (Foam) 3.27 766 9,886 
12 M-13 70-22 (Foam) 2.51 759 27,244 
13 M-10 76-22 (Foam) 3.7 756 10,671 
14 M-22 64-28 2.84 743 14,029 
15 M-23 70-22 5.85 712 9,438 
16 M-25 70-22 3.2 706 14,855 
17 M-21 76-22 (Foam) 3.46 696 20,898 
18 M-03 76-22 (Foam) 4.16 693 8,512 
19 M-16 76-22 4.72 677 8,929 
20 M-17 76-22 (Foam) 3.07 640 7,224 
21 M-14 64-28 (Foam) 5.02 613 11,955 
22 M-15 64-28 (Foam) 6.34 540 5,476 
23 M-24 70-22 5.63 540 7,475 
24 M-18 76-22 (Evotherm) 3.99 511 9,359 
25 M-11 70-22 5.47 474 5,197 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
146 
 
Table 4.4 Ranking of Mixes by Creep Slope 
Rank Mix ID Binder Grade (PG) 
Max 
Rut 
(mm) 
PCS         
(passes/mm) 
CS 
(passes/mm) 
1 M-13 70-22 (Foam) 2.51 759 27,244 
2 M-04 76-22 1.81 1,184 26,219 
3 M-07 76-22 2.63 806 21,418 
4 M-21 76-22 (Foam) 3.46 696 20,898 
5 M-06 70-22 1.99 945 19,811 
6 M-01 76-22 2.56 971 18,524 
7 M-05 70-22 (Foam) 2.92 913 18,168 
8 M-20 76-22+ (Cecabase) 2.44 1,171 17,494 
9 M-08 76-22 (Foam) 3.02 810 15,692 
10 M-25 70-22 3.2 706 14,855 
11 M-22 64-28 2.84 743 14,029 
12 M-02 76-22 (Foam) 2.28 953 13,879 
13 M-09 70-22 3.4 824 12,747 
14 M-14 64-28 (Foam) 5.02 613 11,955 
15 M-19 76-22 (Cecabase) 3.59 837 11,387 
16 M-10 76-22 (Foam) 3.7 756 10,671 
17 M-12 76-22 (Foam) 3.27 766 9,886 
18 M-23 70-22 5.85 712 9,438 
19 M-18 76-22 (Evotherm) 3.99 511 9,359 
20 M-16 76-22 4.72 677 8,929 
21 M-03 76-22 (Foam) 4.16 693 8,512 
22 M-24 70-22 5.63 540 7,475 
23 M-17 76-22 (Foam) 3.07 640 7,224 
24 M-15 64-28 (Foam) 6.34 540 5,476 
25 M-11 70-22 5.47 474 5,197 
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Table 4.5 Summary of Fitted Parameters for |E*| Mastercurves 
Mix 
Code 
|E*|-function 
α β δ γ 
M-01 2.7015 -0.8748 1.2425 -0.4292 
M-02 2.7387 -1.1242 1.1419 -0.4315 
M-03 3.1179 -0.9204 0.8398 -0.2790 
M-04 2.7674 -0.8018 1.2913 -0.3519 
M-05 2.4390 -0.7600 1.3908 -0.5512 
M-06 2.5511 -1.0174 1.2813 -0.5051 
M-07 2.9325 -1.0397 1.0682 -0.4322 
M-08 2.6385 -0.7761 1.2513 -0.4826 
M-09 2.7443 -0.5785 1.2516 -0.3715 
M-10 2.6861 -0.6001 1.2504 -0.5121 
M-11 2.7108 -0.7209 1.1983 -0.4642 
M-12 2.6100 -0.8605 1.2642 -0.5162 
M-13 2.2919 -0.2579 1.4991 -0.4999 
M-14 2.7672 -0.7827 1.1342 -0.3443 
M-15 2.5937 0.0438 1.4678 -0.5677 
M-16 2.8848 -0.6433 1.1405 -0.4059 
M-17 2.3012 -0.7404 1.4658 -0.5475 
M-18 2.5579 -0.7883 1.4315 -0.5104 
M-19 2.9073 -0.2768 1.1537 -0.4047 
M-20 2.0595 -0.7266 1.6403 -0.6571 
M-21 2.8002 -0.8517 1.2361 -0.4035 
M-22 2.3354 -0.5226 1.5293 -0.5235 
M-23 2.4774 -0.5574 1.5204 -0.5377 
M-24 2.6393 -0.6089 1.2280 -0.4017 
M-25 2.3434 -0.5227 1.5145 -0.5151 
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Table 4.6 Summary of Fitted Parameters for φ Mastercurves 
Mix 
Code 
φ-function 
λ1 λ2 λ3 
M-01 -0.0516 0.0113 1.2075 
M-02 -0.0894 0.0214 1.3873 
M-03 -0.1261 0.018 1.7924 
M-04 0.0110 0.0023 1.0657 
M-05 -0.0052 0.0075 1.1072 
M-06 0.0083 0.0042 1.0327 
M-07 -0.0064 0.0064 1.1832 
M-08 0.0291 -0.004 1.0053 
M-09 0.0520 4.89E-04 1.1091 
M-10 0.0374 -0.0011 0.9523 
M-11 -0.0749 0.0115 1.911 
M-12 -0.0008 0.0078 1.0464 
M-13 0.0851 -0.0064 0.8569 
M-14 0.1101 -0.0022 0.8594 
M-15 0.0603 -0.0038 0.933 
M-16 0.0660 0.0133 1.3148 
M-17 0.0810 0.0019 0.8598 
M-18 0.0531 0.0035 0.8999 
M-19 -0.0587 -0.0033 1.2453 
M-20 0.0920 -0.0113 0.7048 
M-21 -0.0363 0.0057 1.1779 
M-22 0.0570 0.0024 0.9747 
M-23 0.0644 -0.0031 0.9725 
M-24 -0.1158 0.0287 1.5674 
M-25 0.0455 -0.005 0.9986 
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Table 4.7 Summary of Shift Factor Functions in Mastercurve Fitting 
Mix 
Code 
Shift Factor- function 
a b c 
M-01 0.000612 -0.139987 2.721254 
M-02 0.000279 -0.111381 6.403430 
M-03 0.000262 -0.112928 6.626343 
M-04 0.000255 -0.107832 6.365104 
M-05 0.000182 -0.091476 5.598837 
M-06 0.000192 -0.092755 5.620678 
M-07 0.000381 -0.143616 7.941166 
M-08 0.000088 -0.084839 5.443715 
M-09 0.000190 -0.099934 6.107657 
M-10 0.000134 -0.085620 5.296699 
M-11 0.000198 -0.099667 5.980118 
M-12 0.000149 -0.089839 5.521637 
M-13 0.000200 -0.094834 5.710035 
M-14 0.000268 -0.113224 6.529294 
M-15 0.000283 -0.112272 6.541409 
M-16 0.000210 -0.102513 6.022007 
M-17 0.000196 -0.087800 5.198427 
M-18 0.000016 -0.067746 4.685742 
M-19 0.000094 -0.082058 5.455146 
M-20 0.000107 -0.074136 4.669465 
M-21 0.000170 -0.091229 5.630763 
M-22 0.000318 -0.112227 6.233849 
M-23 0.000283 -0.119394 7.105295 
M-24 0.000453 -0.144963 7.898544 
M-25 0.000144 -0.090080 5.549576 
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Table 4.8 Ranking of Mixes by Dynamic Modulus Measured at 14°F, 40°F, 70°, 100°F 
and 1 Hz Frequency 
  14°F 40°F 70°F 100°F 
Rank  Mix ID E* (ksi) Mix ID E* (ksi) Mix ID E* (ksi) Mix ID E* (ksi) 
1 20 4020.14 13 2082.71 15 558.33 4 604.38 
2 13 4161.35 19 2552.03 19 628.08 2 531.15 
3 17 4572.13 17 2615.42 13 638.96 21 507.45 
4 14 5061.72 14 2675.91 24 927.71 3 478.78 
5 3 5082.27 20 2754.79 10 964.96 1 477.11 
6 19 5217.26 24 2762.73 25 986.82 6 431.13 
7 6 5341.01 3 2778.82 22 1049.20 17 376.69 
8 25 5379.71 22 2808.42 14 1062.87 18 366.39 
9 5 5541.91 25 2997.22 20 1078.18 14 356.81 
10 9 5641.40 9 3027.82 16 1079.38 9 323.57 
11 8 5674.29 11 3186.88 9 1084.74 12 317.73 
12 24 5701.71 8 3220.83 17 1107.81 7 311.89 
13 22 5745.24 16 3240.13 11 1116.63 20 302.39 
14 10 5878.68 10 3321.22 8 1163.88 23 301.56 
15 11 5909.94 12 3367.00 3 1199.78 5 300.62 
16 12 5918.29 5 3371.57 5 1204.04 22 298.30 
17 1 6002.25 15 3586.59 23 1260.35 24 269.13 
18 2 6322.19 1 3592.17 12 1295.80 11 251.05 
19 18 6764.14 6 3751.20 1 1392.25 8 246.69 
20 16 6767.13 2 3781.24 6 1422.87 16 238.59 
21 21 7008.16 4 4200.23 4 1551.67 25 236.84 
22 4 7202.03 18 4303.16 21 1588.86 19 233.69 
23 15 8360.19 21 4402.26 18 1590.27 13 204.86 
24 23 8468.80 7 4613.59 2 1637.50 10 193.15 
25 7 8488.79 23 4985.70 7 1726.77 15 128.57 
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Table 5.1 |E*|-based Rut Preditive Model Parameters 
Mix Code 
Parameters 
Se Sy Se/Sy R
2 RMSE (%) n 
β1 β2 
M-01 5.30E-05 130 0.6034 0.4900 1.2314 -0.4860 0.5942 100 
M-02 4.80E-05 173 0.6925 0.4240 1.6333 -1.6140 0.6821 100 
M-03 1.10E-04 240 0.3723 0.8706 0.4276 0.8209 0.3666 100 
M-04 3.50E-05 157 0.8178 0.2910 2.8103 -6.7370 0.8054 100 
M-05 7.50E-05 85 0.8152 0.5439 1.4988 -1.2010 0.8028 100 
M-06 2.70E-05 102 1.2737 0.2973 4.2842 -16.9800 1.2544 100 
M-07 3.50E-05 120 0.4296 0.4328 0.9926 0.0348 0.4231 100 
M-08 5.50E-05 100 0.2701 0.5467 0.4941 0.7608 0.2660 100 
M-09 7.00E-05 120 0.1456 0.5897 0.2469 0.9402 0.1434 100 
M-10 9.00E-05 80 0.9240 0.7444 1.2413 -0.5100 0.9100 100 
M-11 1.00E-04 152 0.1324 0.9392 0.1410 0.9805 0.1304 100 
M-12 6.00E-05 110 0.4538 0.5756 0.7884 0.3910 0.4469 100 
M-13 4.50E-05 100 0.7616 0.3771 2.0196 -2.9970 0.7501 100 
M-14 1.30E-04 215 0.5150 1.1906 0.4326 0.8164 0.5076 100 
M-15 2.00E-04 100 0.2979 1.1617 0.2564 0.9356 0.2934 100 
M-16 1.20E-04 140 0.2961 0.8833 0.3352 0.8899 0.2916 100 
M-17 5.00E-05 120 0.6104 0.4862 1.2555 -0.5443 0.6012 100 
M-18 1.10E-04 160 0.2902 0.6530 0.4444 0.8065 0.2858 100 
M-19 9.00E-05 80 0.3009 0.6661 0.4517 0.8000 0.2964 100 
M-20 7.00E-05 65 1.2078 0.4822 2.5048 -5.1470 1.1896 100 
M-21 7.00E-05 210 0.5414 0.5887 0.9197 0.1712 0.5332 100 
M-22 7.00E-05 110 0.3870 0.4872 0.7943 0.3817 0.3812 100 
M-23 1.10E-04 138 0.3694 0.9929 0.3720 0.8644 0.3638 100 
M-24 1.10E-04 180 0.1407 0.9105 0.1545 0.9766 0.1386 100 
M-25 5.00E-05 145 0.8835 0.4928 1.7928 -2.1470 0.8702 100 
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Table 5.2 Variables Significantly Affecting HWTD Rutting 
Mix 
Code 
ρ3/8 ρ4 ρ200 Gse Ee 
M-01 32.00 57.00 93.80 2.550 8.837E+01 
M-02 20.00 48.00 94.50 2.550 8.992E+01 
M-03 30.00 55.00 94.90 2.440 1.140E+02 
M-04 28.00 52.00 94.50 2.660 1.386E+02 
M-05 38.00 61.00 94.20 2.629 5.790E+01 
M-06 32.00 54.00 95.00 2.659 6.956E+01 
M-07 23.00 40.00 94.90 2.791 6.229E+01 
M-08 20.00 46.00 94.70 2.838 5.150E+01 
M-09 25.00 50.00 93.90 2.745 7.287E+01 
M-10 34.00 65.00 94.70 2.608 4.085E+01 
M-11 41.00 64.00 95.40 2.639 5.208E+01 
M-12 18.00 43.00 94.10 2.834 5.208E+01 
M-13 26.00 53.00 95.00 2.817 5.853E+01 
M-14 45.00 65.00 95.60 2.652 9.049E+01 
M-15 44.00 66.00 95.20 2.652 4.401E+01 
M-16 38.00 61.00 94.50 2.650 5.944E+01 
M-17 38.00 61.00 94.50 2.650 5.681E+01 
M-18 38.00 61.00 94.50 2.650 4.247E+01 
M-19 38.00 61.00 94.50 2.650 6.371E+01 
M-20 38.00 61.00 94.50 2.650 5.820E+01 
M-21 41.00 59.00 96.30 2.638 9.831E+01 
M-22 26.00 53.00 94.30 2.725 7.170E+01 
M-23 29.00 52.00 95.00 2.697 6.571E+01 
M-24 37.00 65.00 95.50 2.608 6.806E+01 
M-25 42.00 65.00 95.50 2.619 6.511E+01 
 
 
 
 
       
 
 
 
 
